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REMARKS 

Examiner has objected to Applicant's new drawing Figure 1 A as introducing new 
matter. Specifically, Examiner has stated that there is no support in the original 
disclosure, as filed, for the relative sizes and positional relationships of each component 
of the drawing. 

In response to Examiner's objection, Applicant respectfully submits that no new 
matter has been introduced. To begin, under 37 CFR 1.84, Standards for Drawings, 
subsection (k), Scale, "the scale to which a drawing is made must be large enough to 
show the mechanism without crowding when the drawing is reduced in size to two-thirds 
in reproduction. Indications such as "actual size" or "scale 1/2" on the drawings are not 
permitted since these lose their meaning with reproduction in a different format." As 
such, Applicant is neither required nor necessarily permitted to delineate or illustrate 
"relative sizes", as indicated by Examiner. Under 37 CFR 1.84, Applicant is simply 
required to show in the drawings all features of the claims. Applicant's drawing Figure 
1A could hardly be considered as introducing new matter, since the matter appeared in 
Applicant's originally filed specification and claims. Additionally, the positional 
relationship of the various components of Applicant's apparatus was not, and is not, 
intended to be a limiting factor of Applicant's invention. Indeed, the positional 
relationship amongst the various components of Applicant's apparatus is a function of 
engineering, design choice, and relative sizes of each component (this latter issue being 
addressed hereinabove). Reconsideration is respectfully requested. 

Examiner has further objected to the drawing Figure 1A, stating that Applicant 
has improperly designated the ANODE and CATHODE. In response thereto, Applicant 
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directs Examiner's attention to the enclosed Replacement Sheet. Reconsideration is 
respectfully requested. 

Applicant respectfully asserts that it was Examiner who, in his last Office Action, 
required submittal of a drawing sheet or corrected drawing sheet illustrating the originally 
claimed subject matter - yet now, Examiner objects to same. Applicant has only 
included in Figure 1A an illustration of the components requested by Examiner and 
appearing in the originally presented claims. Applicant cannot simply randomly place 
onto a sheet its various components with no association or relationship. Indeed, Figure 
1A, and the amended specification associated therewith, is simply intended to illustrate 
the functional, and not necessarily the structural, relationship between Applicant's 
various components - such a functional relationship was made clear and originally 
presented in the claims and specification. 

In a related matter, Examiner has objected to Applicant's amendment to the 
specification filed on 09/27/2005, asserting that the amendment introduces new matter. 
Applicant presumes that Examiner's contention is similarly based on his grounds for 
objecting to the drawing Figure 1 A. However, Applicant again respectfully notes that all 
components of Applicant's invention, and the functional relationships therebetween, were 
described and fully disclosed throughout Applicant's originally filed specification and 
claims. Applicant's 09/27/2005 specification amendment only assigns reference 
characters to previously disclosed subject matter - all for purposes of understanding the 
functional, and not necessarily the structural, relationship, amongst the originally claimed 
components now presented in Figure 1 A. As such, no new matter has been added. 
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Indeed, Applicant's amendments to the specification and drawings are clearly 
within contemplation of the Patent rules and laws. To provide Examiner with support of 
such amendments, Applicant respectfully directs Examiner's attention to the arguments 
of section A-C presented hereinbelow. However, Applicant initially directs Examiner's 
attention to MPEP 2163.06, Relationship of Written Description Requirement to New 
Matter, which states that information contained in any one of the specification, claims or 
drawings of the application as filed may be added to any other part of the application 
without introducing new matter . Furthermore, the claims as filed in the original 
specification are part of the disclosure and, therefore, if an application as originally filed 
contains a claim disclosing material not found in the remainder of the specification, the 
applicant may amend the specification to include the claimed subject matter. In re Benno, 
768 F.2d 1340, 226 USPQ 683 (Fed. Cir. 1985). 

Accordingly, in the present case, Applicant's amendments to the specification and 
drawings do not introduce new matter, as the information was originally contained in the 
claims, as filed. Examiner's rejections based on new matter are wholly improper. 
Reconsideration is respectfully requested. 

Examiner has further broadly objected to the specification as failing to provide 
adequate written description and as failing to provide an enabling disclosure. Examiner 
has still further broadly rejected the claims as failing to point out and distinctly claim the 
subject matter which Applicant regards as his invention. Applicant addresses Examiner's 
broad objections and rejections in following arguments. 

To begin generally, however, Examiner has asserted that the specification fails to 
disclose the meets and bounds of the limitation "atomically sharp" and that such does not 
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connote the same meaning as having only one atom at the apex. Examiner utilizes the 
foregoing argument as a platform for launching many of his rejections throughout the 
Office Action, in addition to various assertions that an apex comprising one atom cannot 
be manufactured and/or that Applicant has not shown that such is possible of 
manufacture and/or even known within the art. Moreover, on Page 7 of the present 
Office Action, Examiner states that because Applicant has proposed a new method of 
manufacture, such indicates that Applicant has not actually reduced to practice or 
"proved" his invention - such is not required under the law . Examiner continues with 
various other rejections based on an assertion that Applicant fails to adequately disclose 
or teach an operative device or technology. 

In response to Examiner's rejections, Applicant directs Examiner's attention to 
the arguments presented hereinbelow, which Applicant respectfully asserts clarify 
Applicant's requirements under the Patent statutes and, thus, the concordant impropriety 
of Examiner's rejections and objections that apparently run contradictory to said statutes, 
and contradictory to well-established law. Applicant's original disclosure, original filing, 
current evidence, and current arguments clearly demonstrate that Applicant has satisfied 
his statutory requirements. 

In addition to the following arguments, all presented in support of originally 
claimed and amended subject matter (i.e., atomically sharp), and presented in response to 
Examiner's rejections/objections, Applicant respectfully directs Examiner's attention to 
the attached articles and documents that clearly and undisputedly show that the term 
"atomically sharp" is well-understood and well-accepted within the art. 
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Applicant respectfully requests that Examiner consider the foregoing and the 
following arguments in view of the fact that Examiner has not to date, shown, through 
evidence or otherwise, that one of ordinary skill in the art would reasonably doubt the 
asserted utility of Applicant's specific invention - not the concept of cold fusion - 
(which has already been denounced by Applicant) - but rather Applicant's specifically 
claimed apparatus and method of heat fusion. That is, Examiner has failed to provide any 
reference that specifically discloses Applicant's components and/or that specifically 
discloses the alleged inoperability of Applicant's invention. Instead, Examiner has 
improperly shifted his burden of proof onto Applicant by simply characterizing and 
asserting that Applicant's invention is one of cold fusion, and, in support of his assertion, 
Examiner only provides references directed toward cold fusion - none of which even 
disclose or fairly suggest the structural or functional features, components, and associated 
relationships, in Applicant's invention. Such examination procedures are improper and 
contrary to well-established procedure. 

A Written Description & Enablement Requirements: 

Applicant respectfully directs Examiner's attention to MPEP 2164 The 
Enablement Requirement [R-2]: The purpose of the enablement requirement is that the 
specification describe the invention in such terms that one skilled in the art can make and 
use the claimed invention is to ensure that the invention is communicated to the interested 
public in a meaningful way. The information contained in the disclosure of an 
application must be sufficient to inform those skilled in the relevant art how to both 
make and use the claimed invention. However, to comply with 35 U.S.C. 112, first 
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paragraph, it is not necessary to "enable one of ordinary skill in the art to make and 
use a perfected, commercially viable embodiment absent a claim limitation to that 
effect ." CFMT, Inc. v. Yieldup Int'l Corp., 349 F.3d 1333, 1338, 68 USPQ2d 1940, 1944 
(Fed. Cir. 2003) (an invention directed to a general system to improve the cleaning 
process for semiconductor wafers was enabled by a disclosure showing improvements in 
the overall system). Detailed procedures for making and using the invention may not 
be necessary if the description of the invention itself is sufficient to permit those 
skilled in the art to make and use the invention ." 

The enablement requirement of 35 U.S.C. 112, first paragraph, is separate and 

r 

distinct from the description requirement. Vas-Cath, Inc. v. Mahurkar, 935 F.2d 1555, 
1563, 19 USPQ2d 1111, 1116-17 (Fed. Cir. 1991) ("the purpose of the 'written 
description 1 requirement is broader than to merely explain how to 'make and use" 1 ). See 
also MPEP § 2161. Therefore, the fact that an additional limitation to a claim may 
lack descriptive support in the disclosure as originally filed does not necessarily 
mean that the limitation is also not enabled. In other words, the statement of a new 
limitation in and of itself may enable one skilled in the art to make and use the claim 
containing that limitation even though that limitation may not be described in the original 
disclosure. 

Not everything necessary to practice the invention need be disclosed. In fact 
what is well-known is best omitted. In re Buchner, 929 F.2d 660, 661, 18 USPQ2d 
1331, 1332 (Fed. Cir. 1991). All that is necessary is that one skilled in the art be able to 
practice the claimed invention, given the level of knowledge and skill in the art. Further 
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the scope of enablement must only bear a "reasonable correlation 1 ' to the scope of the 
claims. See, e.g., In re Fisher, All F.2d 833, 839, 166 USPQ 18, 24 (CCPA 1970). 

Additionally, with reference to MPEP 2164.03, Relationship of Predictability 
of the Art and the Enablement Requirement [R-2], the amount of guidance or 
direction needed to enable the invention is inversely related to the amount of knowledge 
in the state of the art as well as the predictability in the art. In re Fisher, All F.2d. 833, 
839, 166 USPQ 18, 24 (CCPA 1970). The "amount of guidance or direction" refers to 
that information in the application, as originally filed, that teaches exactly how to make 
or use the invention. The more that is known in the prior art about the nature of the 
invention, how to make, and how to use the invention, and the more predictable the 
art is, the less information needs to be explicitly stated in the specification. As such, 
Applicant's teachings and disclosures of "atomically sharp" and nanotechnology are 
sufficiently enabled in view of the amount of knowledge in the state of the art, as 
demonstrated by the enclosed articles and documents, and Applicant's previously 
submitted documents. 

Nonetheless, Applicant recognizes that under MPEP 2164.05 Determination of 
Enablement Based on Evidence as a Whole, once the examiner has weighed all the 
evidence and established a reasonable basis to question the enablement provided for the 
claimed invention, the burden falls on Applicant to present persuasive arguments, 
supported by suitable proofs where necessary, that one skilled in the art would be able 
to make and use the claimed invention using the application as a guide. In re 
Brandstadter, 484 F.2d 1395, 1406-07, 179 USPQ 286, 294 (CCPA 1973). The evidence 
provided by applicant need not be conclusive but merely convincing to one skilled in 
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the art. Applicant respectfully submits that the attached articles and documents provide 
such suitable proof. 

Again, the specification need not disclose what is well-known to those skilled in 
the art and preferably omits that which is well-known to those skilled and already 
available to the public. In re Buchner, 929 F.2d 660, 661, 18 USPQ2d 1331, 1332 (Fed. 
Cir. 1991); Hybritech, Inc. v. Monoclonal Antibodies, Inc., 802F.2d 1367, 1384, 231 
USPQ 81, 94 (Fed. Cir. 1986), cert, denied, 480 U.S. 947 (1987); and Lindemann 
Maschinenfabrik GMBH v. American Hoist & Derrick Co., 730 F.2d 1452, 1463, 221 
USPQ 481, 489 (Fed. Cir. 1984). 

The state of the art existing at the filing date of the application is used to 
determine whether a particular disclosure is enabling as of the filing date. Chiron 
Corp. v. Genentech Inc., 363 F.3d 1247, 1254, 70 USPQ2d 1321, 1325-26 (Fed. Cir. 
2004). Applicant respectfully submits that the attached articles and documents 
demonstrate that the state of the art existing at the filing date teaches that the term 
"atomically sharp" is well-known amongst those ordinarily skilled within the art. 

B. Reduction to Practice; Working Examples; Proof: 

Additionally, Applicant respectfully directs Examiner's attention to MPEP 
2164.02 Working Example: compliance with the enablement requirement of 35 U.S.C. 
112, first paragraph, does not turn on whether an example is disclosed. An example may 
be "working" or "prophetic." A working example is based on work actually performed. A 
prophetic example describes an embodiment of the invention based on predicted 
results rather than work actually conducted or results actually achieved. 
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An applicant need not have actually reduced the invention to practice prior 
to filing. In Gould v. Quigg, 822 F.2d 1074, 1078, 3 USPQ 2d 1302, 1304 (Fed. Cir. 
1987), as of Gould's filing date, no person had built a light amplifier or measured a 
population inversion in a gas discharge. The Court held that " The mere fact that 
something has not previously been done clearly is not in itself, a sufficient basis for 
rejecting all applications purporting to disclose how to do it ." 822 F.2d at 1078, 3 
USPQ2d at 1304 (quoting In re Chilowsky, 229 F.2d 457, 461, 108 USPQ 321, 325 
(CCPA 1956)). 

Under MPEP 2138.05 "Reduction to Practice" [R-3], reduction to practice may 
be an actual reduction or a constructive reduction to practice which occurs when a patent 
application on the claimed invention is filed. The filing of a patent application serves as 
conception and constructive reduction to practice of the subject matter described in the 
application. Thus the inventor need not provide evidence of either conception or 
actual reduction to practice when relying on the content of the patent application. 
Hyatt v. Boone, 146 F.3d 1348, 1352, 47 USPQ2d 1128, 1130 (Fed. Cir. 1998). 

Examiner requires of Applicant to make showings contrary to well-established 
law. Such is unfair and abusive. 

C. Oyerabilitv of the Invention 

The examiner has the initial burden of challenging an asserted utility. Only after 
the examiner has provided evidence showing that one of ordinary skill in the art would 
reasonably doubt the asserted utility does the burden shift to the applicant to provide 
rebuttal evidence sufficient to convince one of ordinary skill in the art of the invention's 
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asserted utility. In re Swartz, 232 F.3d 862, 863, 56 USPQ2d 1703, 1704 (Fed. Cir. 
2000); In re Brana, 51 F.3d 1560, 1566, 34 USPQ2d 1436, 1441 (Fed. Cir. 1995) (citing 
In re Bundy, 642 F.2d 430, 433, 209 USPQ 48, 51 (CCPA 1981)). 

In the present case, Examiner has not provided any references that undisputedly 
show that Applicant's specifically disclosed and claimed apparatus and method is 
inoperable. Examiner has not shown any reference that teaches Applicant's components 
and the functional relationships thereamongst, or that such an arrangement of Applicant's 
specific components would result in an inoperable invention. Applicant queries how it is 
possible for Examiner to even question the asserted utility and operability of Applicant's 
invention, when Examiner has failed to provide any evidence demonstrating otherwise. 
Examiner cannot, absent applicable references, opine alone as to the operability or utility 
of Applicant's invention. Such .opinions must be based on references that prove 
Applicant's claimed apparatus, method and associated features, components and 
arrangements are inoperable, would tend not to function, or otherwise raise questions as 
to the utility of Applicant's claimed invention. The reference of systems that are 
functionally and structurally non-analogous to Applicant's invention does not meet this 
burden. 

D. Technical/Scientific Arguments and Analysis: 

As previously noted by Applicant, "atomically sharp" is a well-known term in the 
literature. In support of Applicant's assertion, attached is a 1998 paper on "Vacuum 
Tunneling of Superconducting Quasiparticles from Atomically Sharp Scanning 
Tunneling Microscope Tips" by Pan et al., presented only to show use of the term. The 
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term is essentially defined in the fourth sentence of the article. Nothing else in the article 
is meant to pertain to the present invention. 

Examiner, in the previous office action, has referenced a number of existing 
patents, which profess to show sharp and pointed tips, with the allegation that the present 
invention is included in such. Unless one utilizes highly specialized techniques for 
nanoassembly, only available within the last 10 or so years, it is not possible to 
manufacture such an atomically sharp tip. Thus, previous "sharp tip" patents are, by their 
nature, manufactured in a way that is NOT atomically sharp, but rather blunt, defeating 
the necessary geometry for the tip charge density required. Even the best manufacturing 
technique for surfaces, typically used for optical flatness, only produces a surface flat to 
within 1/20 wavelength of light (typically 700 nM), thus having a surface roughness of 
35nM. For an atomic dimension of 0.2 nM, a 35nM surface roughness is mountainous 
and jagged, and not atomically flat. Clearly, for a less precise manufacturing technique 
for tip creation, one will not attain atomic sharpness; thus, the patents referenced by the 
Examiner are NOT inclusive of the present invention. 

The Examiner has suggested that the prior reference of the effects of electron 
screening was inapplicable as it pertained to astrophysical phenomena. In response 
thereto, Applicant attaches a 2003 paper entitled "Enhancement of Nuclear Reactions 
Due to Screening Effects of Core Electrons" by Luo et al., which is particularly 
applicable to deuterium-deuterium reactions. It is noted that this paper includes 
references 6-8, noted research papers from 1998 through 2002, which address the effect 
of electron screening on nuclear reaction rate. 
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Examiner has further suggested that the fabrication of the cones is not within the 
invention specification. In addition to the arguments presented hereinabove, Applicant 
notes that Pedraza et al., "Surface Nanostructuring of Silicon" (2003) shows how 
irradiation with laser will produce nano-cones on a silicon surface, controllable by the 
parameters of the experiment. Additionally, Seeger and Palmer, "Fabrication of Silicon 
Cones and Pillars Using Rough Metal Films" (1998) uses reactive ion etching to produce 
trillions of nanoscale silicon cones, with pillar diameters as small as 5nM. Such reactive 
ion etching is also shown in Wellner et al., "Mechanisms of Visible Photoluminescence 
from Nanoscale Silicon Cones" (2002), which illustrates the use of silver films as etch 
masks. Periodic nanostructures, in this case ripples, have been produced by focused ion 
beam, as outlined by Xie et al., in "Fabrication and Thermal Annealing Behavior of 
Nanoscale Ripple Fabricated by Focused Ion Beam" (2003). Accordingly, Applicant 
reiterates that technology well known within the art does not require explicit treatment 
within the specification - such is a recognized principle of patent law. 

To further illustrate the ease of fabrication of the cones, Lei et al., in "Fabrication, 
Characterization and Physical Properties of Nanostructured Metal Replicated 
Membranes" (2003) shows, in Figure 1, a method of electrical etching (i.e. anodization) 
and palladium deposition, and also illustrates the use in Fig l(h)-(j) of electrolytic 
metallic deposition, as referenced in the present patent application. The technique of 
electroless metallization has been published, to Applicant's knowledge, since the year 
2000. This assertion is supported by reference 22 within the article by Kudo and Fujihara 
"DNA-Templated Copper Nanowire Fabrication by a Two-Step Process Involving 
Electroless Metalization. It is noted that this article was published recently, postdating 
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the patent application, but the technique of electroless metallization referenced 
predates the patent application. 

Finally, Applicant attaches a photograph of the actual material surface utilized in 
fabrication of the present invention. This particular surface is atomically flat mica with a 
gold overcoating packed in argon gas. Hydrogen annealing of the gold will produce an 
atomically flat surface, to be subsequently formed to cones by either the laser physical 
processes or the chemical etching processes outlined above. 

Applicant respectfully submits that the foregoing arguments demonstrate the 
propriety of Applicant's specification and claims, and the satisfaction of the applicable 
Patent statutes. .Applicant respectfully requests that Examiner withdraw his current 
objections/rejections of the drawings, specification and claims, and/or provide Applicant 
with references that support Examiner's arguments. 
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CONCLUSION 



The above-made arguments and amendments are to form only and thus, no new 
matter was added. Applicant respectfully believes the above-made arguments and 
amendments now place the Claims and application in condition for allowance. Should 
there be any questions or concerns, the Examiner is invited to telephone Applicant's 
undersigned attorney. 



Myers & Kaplan, 
Intellectual Property Law, L.L.C. 
1 899 Powers Ferry Road 
Suite 310 

Atlanta, GA 30339 
Phone: 770-541-7444 
Fax: 770-541-7448 
E-mail: apatel@mkiplaw.com 





Ashish D. Patel, Esq. 
Reg. No. 50,177 
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Abstract— Here, we report a new fabrication method of DNA- 
templated copper nanowires. The copper nanowires were fabri- 
cated via two-step reactions. First, Pd(II) ions were electrostati- 
cally adsorbed onto negatively charged DNA molecules immobi- 
lized on the substrate surfaces and reduced chemically. As a re- 
sult, palladium nanowires with a diameter of approximately 6 nm 
were obtained. Secondj the paUadium nanowires were dipped into 
a copper electroless plating bath. Electroless deposition of copper 
proceeded specifically on the palladium nanowires. The diameters 
of the copper nanowires were controlled by the plating time. 

Index Jerm^-r Copper, DNA> nanotechnology, palladium. 



" EW tetimq^ have been 

investigated ^cause of the lower limit of nanosize 
fabrication by top-down lithography, e.g., photolithography. 
Bottom-up Lithography: is a fabrication of nanostructures by 
integrating £to and particles. DNA molecules 

have been explored as one of the candidates of building blocks 
for the' bottom-up methods, especially as connecting wires in 
nanoelectronics [1], [2], because of their specific molecular 
recognition capability and large aspect ratio. However, their 
intrinsic conductance has been considered to be low [3]-[7]. 
To increase their, conductance, metals, e.g. , gold [8] ; [9] , silver 
[3], il0]^[ll] v c^per [11], [12], platinum [13],: [14],; and 
.paillaium^ have been deposited on PtyA molecules. 

In [11]- and [12], ajfal)ricafibn method of copper nanowires 
was demons trated by predeposition of Cu 2+ ions followed 
by their Teductiori; However, this method without electroless 
plating was unsuitable for fabrication of the copper nanowires 
deposited continuously with a diameter of more than ~4 nm. 

Here; we show a new, simple fabrication method of DNA- 
templated continuous copper nanowires. The method is based 
on two-step reactions involve with palladium' and 

electrolessplating of copper. "The copper electroless plating pro- 
ceeds specifically on palladium. The diameters of , the copper 
nanowires can be easily controlled from the minimum of a few 
nanometers by plating time. . 
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f';-r •'• ; :}' ; -\}y;' l : i vK Experiments ; v r v '. "' ' . ' 

Octadecyltrimethoxy silahe (OTS)/^Tbkyo Kasei), lambda 
bacteriophage DNA (A-DNA) (Takafa Bio ^ buffer (Do- 
jindo), formaldehyde 37 wt% (Sigma), p^ladium(II) acetate 
(Sigma-Aldrich); bor^e-Hlirn , (Aldrich), 

85% lactic acid, trisodium : cifrate^^ solu- 
tion, copper(II) sulfate pentahydrate. potassium sodium (+)- 
tartrate tetrahycte^ (Kanto Chem- 

ical) were used without ^ water 
(18.2 ; cm) pr^ared w MiDipbre system was used 
throughout the experiments. %^ 

. B. hnmobiliTjttioti ■;■ , ' 
; Glass ^ 

used as substrates [19]?^D the 
substrate surfaces by ah^ dy- 
namic molecular bombm^^^ [19], [20]. We used; double- 
stranded A-DNA..TTieDNA^^ diluted to 30 ng /jiL 
with a<TE-biiffer *Ciln^i3f^^g &§mJ% pH 8.0). 
The silanized substrate Ayas" vertically dipped into the solution 
at 3.4 rnj^.Usu^ 

3 mui, the silamzed s& at a 

constant speed of 300 ^ DNA moli^i^e^ were stretched 
by the \vater inter- 
face [20] ~ari#irn™bi^ 

adsorption [21]. , > - - s . 

C. Activation With Palladium' " 

The activation- step;^L^ was carried 
out accora^g & the 

pre^arerl :by^cfe in 1-mL 

deiomzed water by centrifu- 

gi^nlat^9p^ 

and to separate^una^ oh which 
DNA molecules -were stretched : ^d 

dipped into the paUadium ace^ After in- 
cuh^ori:ibr 

Afterwards, it was; yeitic^ rrmi/s into a reduction 
bath containing 2.5 g/L o£sodium citrate, 2.5 g/L of 85% lactic 
acid, and 0.25 g/L of borane^dirnethyiamine complex with pH 

JlAiad^^ 30 s, it 
was I ^ 
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D. Electroless Plrting jtf 



'. 140 :g/L ;of ^sc^y^ r^ g/Ljqf NaOH, and-; 

; lO rr^^r^^ 

ately used '^^a^^ipli^^i^^ TOelsubstrate ; TOth" the DNA-:; 



1536-125X/$20.00 © 2006 IEEE : 



■■ .J 



m A.Tcvfpi ATFn rOPPBR NANOWIRE FABRICATION INVOLVING ELECTROLESS METALLIZATION : T fek;J?l 




images hi 



;/ 2; 'Fig.- T 1 (a) "Fluorescence microscopic' and (b)~ AFM 'topographic i 
^^^^n^ DNA molecules: Scan size and height scale of the AFM i 



K, ''con^^NA : molecutesV-Scan size and height scale of the AFM image are \^f^£^L 
• 10 /imx 10 fim and 3.3 nm; respectively. , ' * - , / j V' ^ : ; 

" " " FigT 2. 500 1 
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and the electroless plating. 

£ Observation by Atomic Force Microscopy " £ 20 

"All "samples (i.e., silanized substrates, stretched DNA * | 15 ; 

molecules; DftA molecules activated by palladium, and those. , - 10 

after electroless deposition of copper) were observed in the 5 
"air at room temperature with an SPA400 atomic force micro- 
scope (AFM) unit and an SPI3800N control station (Seiko 
Instruments) operated in tar^ing;moderThe^AIM 'prpbes were 
• 225-/irriTlong : motiocrystallm^ 
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225-Mm-long monocrystalline silicon cantilevers (.iNanoworia, _ f - Tline d ldcnce - of dimeter of Swires for the copper • i 

with a normal spring constant of 31-71 N/m and a resonance ^ectreieM plating. ' - B 

frequency ; of 170-210 kHz. - - V.'*^- V-'-"' ' i -. ' 1 

' ' 'i^l?^^ Fie. 2(a) shows high nonspecific background. This can be at- f 



H 88*kbp7S Dueto' hydrophobicity of the silanized surface, cine back'ground,reduces in Fig.:2(b)..,It. is: likely that the high - | 
removal of residual solution from the surface, e.g., blowing internal stress of the electroless copper leads to domination ; 
v. v ^ ^u~u «w i;^na »«v^^ ko^r. tVi^ f^tal ctfpQQ nfthp plprtrn1e??s conner exceeds the adhe- ^ ■ &i. 



uiv«ui5 tm-vii-iwj. -*-r r - r r -~ . • * 

air or absorbing with - filter paper, after .lifting up from each once the total stress of the electroless copper exceeds the adhe- l 

solution is not required. Density of the combed DNA molecules sion strength [23] . - * | 

(approximately 180 molecules/ 10 4 fim 2 ) was not changed Fig. 3 shows the average height as the diameter. of me copper •! 

appreciably by immersing the substrate with immobilized DNA nanowires increases as a function of plating time.;The error bar : j 

in the Pd 2+ solution, the reduction bath, and^me^ppe^elec-. due to nonuniformity of nanowires as clearly shown m Fig. 2 

troless plating.bath. Fi g ; l(b) is an AFM topograpfficjinfige of is slightly increasing with the plating time. It is likely that this 




diametei of In* molecules or nanowires. throughout this imately 0.75 mn/s.-This value is consistent with that reported .'J 

study by measuring not ^ widAs tat heights; because .observed previously (1-5 fimJh) [24]. These results .indicate that copper , , f 

heights were not aifected-by tip-sample convolution. nanowires were successfully fabricated,. Chemical analysis of | 

- Fig 2(a) and (b) shows AFM topographic images' of a DNA the nanowires- will be performed in the near future. «~ - | 

molecule after immersion into the Pd r * solution and the reduc- " Fig. 4 is a wide -AFM image of copper nanowire -consisting 

tion bath and aftetfurmefcopper electrolessdeposition for.20 s, of four' trimmings' of 10 /im x 10 /im .AFM>unages. .We can jz 

respectively We can see mat pdlamum'and copper clusters grew see that the copper was deposited continuously over the whole | 
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"- -^TMoM&n^^^^^iS^^^^Bectively: Fitom'the" crdss.'sec- even ^n^the Magnified t image shown in Fig. 2(J>)^ Although . Is 

;^„_x k a ,^'w»r ^i nNA. mrtiprnip.« aftpr snrh treatments the.leneth of A-DNA m the unstretched form can be 16 5 um --4 
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combing [19]. As another possibility, DNA moleaul^niight 
overlap each other because the DNA concentration used was 
Kighiti the present study. ' • \ '>''' - ■ . :- f 
] Forcontrol experiments?^ 

molecules after immersiondnto the copper- electroless plating 
tfatfi vidA immersion into 

the Pd 2+ solution and the reduction bath. We confirmed that the 
height of the DNA molecules^was not'increased even after im- 
• inersibh mto die plating [ bath f 6r 3 min: We also measured height 
of Bihtt^no 

; Sim- 
I. These 

results indicate that Pd u was h^ess^ry to the copper electroless 
plating on DNA molecules in our method. • 
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8 Fabrication, Characterization 
and Physical Properties of 
Nanostructured Metal Replicated 
Membranes 

Yong Lei*, Weiping Cai and Lide Zhang 

Institute of Solid State Physics, Chinese Academy of Sciences, 

Hefei 230031, People 's Republic of China 



1 INTRODUCTION 

As a well-known host, highly ™-H*™H anodic alumina membranes (AAMs) have 
been playing an important role in the fabrication of many kinds of nanowires (Lei 
etal., 2001) and nanotubes (Hulteen and Martin, 1998). However, the AAMs have 
some disadvantages in actual use such as the insufficient chemical and thermal 
stability, together with the low mechanical strength. Moreover, the AAM itself is 
an insulator. Therefore, it is worth studying how to fabricate highly ordered metal 
(Masuda and Fukuda, 1995) or semiconductor membranes (Hoyer et a/., 1995) 
with attractive chemical and physical properties. 

Recently, highly ordered metal (Co and NH replicated membranes (MRM) 
. were fabricated by a novel replicating method in our lab (Lei et al, 2001). We 
used some new techniques to replicate the MRMs from the AAMs, such as the 
immersion of the AAM in methyl methacrylate (MMA) monomer, pre- 
polymerization of MMA, and four-directional evaporation of Pd catalyst. These 
new techniques lead to a full replication of the AAM and result in an almost 
ideally arranged nanohole array of the replicated MRM with the following 
features: high aspect ratio of more than 320, highly ordered pore arrays, narrow 
size distributions of pore diameters. Moreover, the overall fabrication process of 
MRMs was greatly simplified. 

After the magnetic measurement to the MRMs, we found out that they have 
some novel magnetic properties due to their special nanostructures. The most 
desirable is their unusual preferred magnetization direction. Different from many 
usual magnetic films, the preferred magnetization direction of the metal 
membranes (both in Co and Ni membranes) is perpendicular to the membrane 
plane, which is valuable to be used in perpendicular magnetic recording systems. 



* Corresponding author, now is a Visiting Scholar in National University of Singapore. Email address: 
yuanzhilei@yahoo.com, smaleiy@nus.edu.sg. 
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I2 FABRICATION AND MAGNETIC PROPERTIES 



Fig. 1 summarizes our P^paraUon procedure in J ^ 

I preparation of the through-hole AAM ^^ Q ^^Z method to 
boated on the surface of it by [(e)1 . The AAM 
.improve the distribution regularity of *»«?gu^d by the pre-polymerization 
I wJs then immersed ^^~^23? a PMMA cy^cl array 
i and polymerization of MMA t(f)-(g)J. JJ^L^ linders [(h )]. Finally, the 
1 with Pd catalyst located at the root * £ J^gE ^.fining double- 

| electroless <^*™ W ^ b ^ MRMs have 

; sided and single-sided MRMs by cnangingin y {& almQSt 

I, a very good regularity of the f r ^^^^? AA Ss^ ut most important is 
identical to that of the ^^ a ^^^ct ratio of about 320, 
- that the pore arrays of the MRMs have a very wgu 

f which is a great improvement in this such as Co and Ni, have 

It is well know that ^f^^SSS «S fi In, because the 
t anisotropic magnetic *J and perpendicular to 

g demagnedzing factors are about 0 and 4n for ^ fc m 

the film plane, the shape ^^J^tTetSon^dtoction parallel to the film 
the film plane, resulting ^^^T^SR^^L^ magnetic 

M^attempts have been 

rec()rmngsysteim,tohaveMperpenaicui« & metallic nanowire 

pellicula, .0 d» 61m piano bo* » J * ^f^Sfe, 

^Sl* 3,c,!-. •» Co MEM has a pe^oaoo,., 
preferred direction [Fig. 3(d)]. . lita _ lkin . 0 f the MEMs should 

This unusual preferred m ^ eta ^ t ^^ ffi f " uke that of the 
; originate from their unique nanoporous «^JJ^ sma ll 

• mainetic metallic arrays. The porewaft of ^ e ^^^Suration with a 
nanoparticles with diameters of about lOmn. also JgJ^i«Jf structure in 
f high aspect ratio along the pore axis fonnmg ^^^cture should 
- nanometer scale. In the niagneUzaUon pr^ Uiis ^o^ ^ 
force the domain wall to move along AW^STS these will result in 
thus cause the domain to extend f "8*^^^^ which is the same 
a preferred magnetization direction along the pore axis, 

ejection as that perpendicular^ the of & MRMs should 

^Ta^teS^^ 
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Figure 1 Schematic Diagram of the fabrication of highly ordered nanoporous metal membranes. 




Figure 2 SEM images of the highly ordered metal membranes: top view of the Ni membrane (a) 
and the Co membrane (b), partial (c) and entire (d) cross section view of the Co membrane. 
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H(para) « 

Co film 
300K 
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HJOo] 



,we 3 The magnetization hysteresis loops with the magnetic field appUed paraUdpd 
^ndfcuTto thTmembrane (or film) planes: Ni nanoporous membranes « 5 * » 

a normal compact Co film prepared by the same electroless deposmon as mat o 
: e rnan^uslmbmne (c), measured a, 300 K; Co nanoporous membmnes measured at 
300 K(d). 
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Abstract 

The development, during annealing, of periodic one-dimensional ripple structure has been investigated. The nanoscale ripple 
array was fabricated on silicon(0 0 1) crystal surface using focused ion beam (FIB). Annealing was performed isothermally in a 
flowing argon gas ambient at 670 °C. The morphology of the ripple before and after annealing was analyzed by use of atomic 
force microscope. The height of the ripple decreased after thermal annealing. Furthermore, after annealing, spikes of gallium 
and/or gallium-rich precipitate were also observed on the surface of the ripples and the FEB milled areas. 
© 2003 Elsevier B.V. All rights reserved. 

PACS: 68.35Bs; 79.20Rf 

Keywords: Focused ion beam; Sputtering; Micromachining; Surface diffusion 



1. Introduction 

Nanostructuring and nanofabrication is continu- 
ously growing in many areas [1-3]. As the feature 
size of devices has been reduced to a submicrometer 
or nanometer scale, e.g., the feature size of Si IC chip 
has been shrunk to a point less than 100 nm, the 
thermal stability of the nanoscale structure has been 
being a great concern [4-8]. Keefife et al. (KUB) [6] 
studied the annealing behavior of periodic atomic step 
arrays associated with etched sinusoidal grating struc- 
tures on Si(0 0 1). In their experiments the grating 
wavelengths (4-6 urn) are in micrometer scale, and 
the amplitudes (~100 nm) are in the nanoscale. They 



* Corresponding author. Tel.: +65-67906875; 
fax: +65-67904674. 

E-mail address: dzxie6470@hotmail.com (D.Z. Xie). 



used lithographic technique to produce these sinusoi- 
dal patterns and used STM to monitor the development 
of the periodic grating. They found that the grating 
amplitudes decay exponentially with time in the tem- 
perature range from 800 to 1 100 °C. Erlebacher et al. 
[4] studied nanometer scale ripples (both period and 
amplitude are in nanometer scale) and observed a 
nonexponential decay for the time evolution of the 
ripple amplitude during anneals over the temperature 
range 650-750 °C. In their experiment the periodic 
ripple structures were made on Si(0 0 1) by sputter 
rippling, i.e. the ripple self assembled during low 
energy Ar + ion bombardment at glancing angles 
and elevated temperatures. 

The focused ion beam (FIB) is now an indispen- 
sable tool in both nanoscale characterization and 
fabrication of electronic materials and devices [1,9- 
11]. FIBs have had a great impact on the technology of 
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integrated circuit fabrication. It is one of main tools for 
failure analysis of integrated circuit by cutting of wires 
to isolate elements of a circuit or connecting electri- 
cally isolated elements with wires created by the 
deposition of metals [12]. It has also been used to 
fabricate high density optical storage [13] and high 
density magnetic storage [14]. FIB deposition of 
nanointerconnects (NIs) is an attractive approach to 
the formation of electrical contacts to structures such 
as carbon nanotubes and single molecules [15]. In 
recent years, FIBs have been used to investigate the 
ripple formation [16,17]. It has the advantage to 
observe in situ the formation progress of ripple struc- 
ture by detecting the secondary electrons emitted from 
the surface during FIB etching. 

In this paper we report the experimental observation 
of morphology of nanoscale rippled surface before and 
after thermal annealing. In our research, we used FIB 
to fabricate the one-dimensional periodic nanoscale 
ripple grating on Si(0 0 1) surface. Using of FEB direct 
writing methods the period of the grating can be very 
easily controlled. 



2. Experiment 

In this work, the fabrication of ripple was accom- 
plished by using a Micrion Workstation 9500EX. This 
FEB system uses gallium ions (Ga + ) which can be 
accelerated up to a highest energy of 50 keV after their 
extraction from a liquid metal ion source (LJMS). The 
ion beam energy used in this work was 45 keV, the 
extraction current was about 2.5 jxA. The limiting 
aperture size was 25 ym and the focused ion beam 
current was 10-20 pA, yielding a beam diameter of 
approximately 20-25 nm (foil width at half maximum, 
i.e., FWHM). The chamber pressure was 1.65x 
10~ 7 Torr during etching process. The ion beam is 
normally incident on the sample surface. Each peri- 
odic grating is defined in a 5 ^im x 6 jxm area includ- 
ing 10 ripples that were fabricated one by one. The 
grating period is designed to be 600 nm. The ampli- 
tude of the ripple ranges from 20 to 100 nm. And the 
width of the ripple ranges from 40 to 140 nm. After 
FIB etching and subsequently isothermal annealing, 
the ripple gratings were measured using a Digital 
Instruments Nanoscopy III mutilmode atomic force 
microscopy (AFM) in tapping mode. 



The isothermal annealing was performed in flowing 
high purity argon (Ar) gas at 670 °C for 3000 s using 
Nabertherm R40/250/12-C6 furnace. Prior to anneal- 
ing the sample, a flow of 45 seem Ar gas was intro- 
duced into the furnace for 10 min to blow away the air. 
During annealing the flow rate of Ar gas was kept 
10 seem. 



3. Result and discussion 

In our experiments three groups of ripple gratings 
have fabricated. Each ripple grating consists of 10 
ripples in a 5 ^m x 6.6 ^m area. The 10 ripples were 
defined by etching 11 box one by one with a pitch of 
0.6 nm. The details of the designed parameters are 
listed in Table 1 . Fig. 1 shows the AFM image of ripple 
grating A(l). According to the AFM results the height 
of the ripple, after milling, depends to the ripple width. 
Fig. 2 shows the dependence of the ripple height on its 
width. From Fig. 2 it can be seen that for 40 nm width 
ripple grating A(l) the residue height (8.9 nm) is much 
smaller than the designed height (20 nm) due to 
milling down of the whole area. For the 140 nm width 
ripple grating C(l) the experimental ripple height 
(21.3 nm) is a little higher than the designed height 
(20 nm), i.e. the apex of the ripple is a little higher than 
the unetched surface. It can be seen from Figs. 1 and 2 
that the edges of the grating are also higher than the 
unetched area. Two factors are contributed to this 
extruding. The first is due to the beam tail effects. 
Since the distribution of the ion beam intensity is 
Gaussian shape. The low intensity of beam tail will 
cause the substrate damaged or amorphization at the 
defined box edges [18]. As the damaged and amor- 
phous material has a lower density than the crystalline 
one, a swelling of the sample surface at the box rim 

Table 1 



Designed parameters of the ripple gratings 



Width (nm) 


Height (nm) (i — 


1-5) 






Group A (40) 


20 


40 


60 


80 


100 


Group B (90) 


20 


40 


60 


80 


100 


Group C (140) 


20 


40 


60 


80 


100 



The period is 0.6 um for all gratings. 

The designed height is expected to equal the depth estimated by the 
dose dependence of etched depth, i.e., 3.6nOum 2 ion dose 
corresponds to 1 um etched depth. 
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Fig. 1. A two-dimensional top view image of ripple grating A(l) measured by AFM to show the fabrication process and morphology, in which 
the 10 ripples were fabricated one by one as the sequence labeled in the image. 



can be expected [19]. The second is the redeposition. 
When the ion beam was scanning at the defined 
box edge, some of the sputtered substrate atoms 
would redeposit on the surface most nearby the 
defined box. 

Fig. 3 displays the dependence of experimental 
height on the designed width of ripple. It can be seen 
that the narrower the ripple is, the larger the difference 
between designed height and experimental height For 
grating group A, after reaching about 3 1 nm, the ripple 
height will not increase as the etched depth increases. 
For group C, the experimental heights are nearly equal 
to the designed values. On the other hand, the experi- 
mental width (full width at half maximum, i.e., 
FWHM) of the ripple increases as the etched depth 
increases, except for group A. For group A, the 
average width of the ripples in all five gratings are 
205 nm. In groups B and C the width of the ripple 



increases as the ripple height increases. Fig. 4 is the 
experimental results of group C, the line is used as a 
guide to eyes. 

In order to investigate the annealing behavior of the 
nanoscale ripple, the sample with ripple gratings was 
annealed in flowing Ar gas at 670 °C. Smoothening of 
the ripples has been observed after 3000 s annealing. 
Figs. 5 and 6 show two AFM images of annealed 
grating. From these two images it can be seen that the 
ripples do not obviously emerge. At some places the 
ripple almost completely vanished. The average height 
of ripples after annealing depends on the ripple width 
before annealing. For annealed gratings the height of 
ripples was measured at the place where there is no 
spike. /? avc (defined as the ratio of average height of the 
ripples in a grating after annealing to the average 
height of that ripples before annealing) is 0.63 for 
all of the five gratings in group A. For gratings in 
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Fig. 2. Height profile (from AFM image) of grating A(l) and C(l) 
to display effect of ripple width to its height. Ripple heights in both 
gratings are designed to be 20 nm. 

groups B and C, the R ayc ranges between 0.64-0.78 
and 0.64-0.85, respectively. 

From Figs. 5 and 6, it can be seen that there are 
many granular spikes in the grating area. Fig. 5B 
clearly shows that some of the spikes are even much 
higher than the milled depth. These granular spikes 
can be assumed to be gallium and/or Ga-rich preci- 
pitates formed during annealing due to precipitation of 
the implanted gallium [20]. During FIB milling the 
gallium ions were implanted into the subsurface of the 
substrate. The surface layer became amorphous due to 
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Fig. 4. Relation between ripple width and height for group C 
gratings. 



the Ga ion implantation and some of the surface 
material were sputtered off. As a result of sputtering 
and implantation, the Ga concentration in the surface 
region increases with the milled depth. According to 
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Fig. 3. Comparison of designed heights and experimental heights 
for different width ripples. 



Fig. 5. Three-dimensional AFM images to reveal the morphology 
of the ripple grating A(l) after annealing in flowing of Ar gas at 
670 °C for 3000 s. 
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Fig. 6. AFM image of the grating B(l) showing the preferential 
site of the precipitates after annealing in flowing of Ar gas at 
670 °C for 3000 s. 

TRIM 2000 code simulation the project range is 
36.6 nm with 13.1 nm straggle for 45keV gallium 
ions. This means the maximum concentration lies at a 
depth of approximately 36.6 nm for low dose. After 
removing of about 20 nm material, the surface Ga 
concentration reaches a saturation value of about 12% 
of Si atom density in substrate [18]. During thermal 
annealing the amorphous layer of the sample recrys- 
tallized from the interface of crystalline substrate and 
amorphous surface layer toward the surface. The 
crystallization front will drive the implanted gallium 
atoms out of solution. The implanted Ga moved 
toward the surface, precipitated and assembled into 
spikes at the surface [21]. Meanwhile some gallium 
evaporated from the surface into the flowing Ar atmo- 
sphere. Most of the gallium and/or Ga-rich precipi- 
tates are located at surface of the ripple or nearby 
the ripples, as shown in Figs. 5 and 6. This means that 
the convex maybe a preferential site for the aggrega- 
tion of gallium. The precipitation of gallium during 
heat treatment should be a significant factor of con- 
cerns for micro device fabrication processes which 
including FEB micromachining or deposition using 
gallium as ion source and high temperature heat 
treatment. 

In Erlebacher's experiments [4] for the ripples with 
average height — 20 nm and period = 565 nm (this 
period is close to our grating period 600 nm) created 
by Ar ion beam etching, the /? avc was about 0.31 after 
annealing at 672 °C for 3000 s in a clean ultrahigh 
vacuum. This value is much smaller than ours. Since 
implanted Ga has a remarkable influence on the 
diffusion of impurities in Si during annealing [21]. 
Therefore we assume that the gallium would also has 
an influence on the surface diffusion of Si atoms due to 



the precipitation of implanted gallium at the surface 
during the annealing. 

4. Conclusion 

The following main conclusion may be made. 
Smoothening of nanoscale ripple fabricated by FIB 
has been observed after annealing. The implanted 
gallium diffuses toward the surface and precipitates 
at the surface during annealing. The convex is a 
preferential site for aggregation of gallium. 
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Fabrication of silicon cones and pillars using rough metal films 
as plasma etching masks 
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We have developed a simple fabrication process which allows the production of nanoscale silicon 
structures. Rough silver films are used as an etching mask for reactive ion etching at 10 °C. 
Variation of the etching parameters, such as the if power, allows control over the shape of the 
features; the production of both pillars and cones is possible. The density and diameter of these 
features are controlled by the etching time. Pillars with diameters as small as 5 nm are reported. 
© 1999 American Institute of Physics. [S0O03-695 1(99)0291 1-3] 



The production of silicon structures on the nanometer 
scale has attracted much interest in the last decade, because 
of distinctive differences in the properties of these nanostruc- 
tures compared with the bulk material. One key example is 
the emission of visible light first reported by Canham. 1 In 
consequence, considerable efforts are under way to develop 
fabrication processes which allow the production of these 
structures in order to investigate their optical 2 and electronic 
properties. 3 A further aim of this research is to integrate the 
nanoscale Si material into electronic devices, 4 which take 
advantage of the novel properties. For technological applica- 
tions, the more straightforward the fabrication scheme the 
better, so "simple" processes are highly desirable. 

Several groups have developed processes to produce sili- 
con pillars with diameters in the nanometer range. 5-11 A 
standard method is the use of lithographic techniques. One 
problem with this approach is the limited resolution of opti- 
cal lithography, a problem which can be overcome by using 
electron-beam (e-beam) lithography at high energies, i.e., 
shorter wavelength. Through the use of special resists, pillars 
and other structures with dimensions of below 10 nm have 
been produced by e-beam lithography. 5,6 Another possible 
route to produce sub- 10 nm silicon pillars is the application 
of lithographic techniques with a subsequent thinning of the 
structures by HF wet etching. 7 Nassiopoulos et al* produced 
50 nm structures with deep ultraviolet (UV) lithography and 
plasma etching techniques, and the thinning of the pillar di- 
ameter was achieved by thermal oxidation followed by a wet 
etch process. The pillars produced with this process have a 
diameter below 10 nm and exhibit visible luminescence. 9 In 
a previous report we describe the production of silicon pillars 
with diameter of around 10 nm using size-selected clusters as 
etch masks. 10,11 An electron cyclotron resonance (ECR) etch- 
ing process was performed at -130 °C, the masking behav- 
ior is based on the condensation of reaction products on the 
clusters, which act as nucleation sites. Consequently, the pil- 
lar diameter depends on the cluster material but not on the 
cluster size. The fabrication of silicon cones is also of great 
interest, e.g., for the development of electron field-emitting 
devices. 12,13 The conical shape can be obtained by preparing 
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masks with lithographic techniques and then etching the 
samples isotropically, so that undercut of the resist occurs, 
which results in the formation of silicon tips. 14,15 

The process which we report in this letter employs rough 
silver films as etching masks. The films are deposited onto a 
Si(lll) wafer with a magnetron sputter coater system (Auto 
306, Edwards). Silver is known to grow on this substrate for 
higher coverages via the formation of three-dimensional is- 
lands rather than in a layer by layer mode. 16 This leads to the 
growth of a rough film containing silver clusters, shown in 
Fig. 1. This picture of a silver film with mean thickness of 
around 20 nm was taken with an atomic force microscope 
(AFM). The silver clusters forming the film have a typical 
diameter of 20-40 nm. After film deposition the samples are 
etched in a reactive ion etching (RIE) system (Plasmalab 80 
Plus, Oxford Instruments) with SF 6 and CF 4 as etching 
gases. Etching of silicon with SF 6 at room temperature is 
known to result in isotropic etching, 17 but a mixture of these 
two gases leads to anisotropic etching arising from polymer 
deposition on the sidewalls of the pillars, which inhibits un- 
dercut of the masks. 18 ' 19 The gases are used in a ratio of 1:1 
at a total flow rate of 50 seem and a pressure of 6 mTorr. The 
temperature during the etching process was usually kept con- 
stant by water cooling at 10 °C. 20,21 The rf power was varied 
from 200 W, which induced a self-bias on the sample of 
-624 V, to 50 W (self-bias -243 V). 

Figure 2 is a schematic of the fabrication process. After 




FIG. 1. Atomic force micrograph of a rough silver film sputtered onto a 
Si(l 11) wafer. The average film thickness is approximately 20 nm. 
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FIG- 2. Schematic of the fabrication process, (a) A rough silver film is 
deposited on the substrate, (b) The plasma reduces the size of the silver 
islands by sputtering, exposing regions of the silicon surface to the etching 
gas. (c) After the etching process silicon cones are produced 



deposition of the rough silver film, Fig. 2(a), tbe sample is 
etched using the plasma process described above. First, the 
silver film is sputtered by the ions formed in the plasma, 
leaving separated, monodispersed silver islands on the sub- 
strate. When the plasma reaches the silicon surface, chemical 
etching of the substrate begins, prevented only at areas where 
silver islands are still present, Fig. 2(b). During the etching 
process the silver islands are reduced in size by sputtering, 
which leads to the formation of silicon cones, Fig. 2(c). 

Figure 3 shows scanning electron micrographs of the 
silicon structures produced at different etching powers. In 
this case the rf power was varied from 200 to 50 W, the 
examples shown correspond to 200 W [Fig. 3(a)], 150 W 
[Fig. 3(b)], and 100 W [Fig. 3(c)]. At high etching powers, 
e.g., 200 W, silicon cones are formed. A detailed analysis 
[Fig. 3(d)] shows that the angle at the apex of the cones 
produced at 200 W lies in the range from 20° to 45°, while at 
120 W the sides are much steeper, with cone angles from 8° 
to 30°. Typical radii of the cone tips are 10 nm. At lower 
etching powers of about 100 W, straight pillars are formed 
which still have silver islands on top [Fig. 3(c)]. An etching 
power below 80 W did not allow efficient sputtering of the 
silver film, so it was not possible to form silicon pillars at 
these low powers. 

The likely mechanism for the behavior observed is as 
follows. At a high rf power (i.e., high sample bias) the silver 
islands are reduced in size as etching proceeds, thus exposing 
areas of the substrate which were previously protected. This 
creates a conical shape of the structure. At 100 W the sputter 
rate for silver is much lower, i.e., islands remain much 
longer on the surface and protect the underlying area. Pillars 
with straight sidewalls are formed instead of cones. Thus, in 
effect, the ratio of the speeds of the two processes, (i) physi- 
cal sputtering of the silver film and (ii) (anisotropic) chemi- 
cal etching of the silicon substrate, determines whether the 
etching leads to cone or pillar formation. The capacity to 
control the shape of the silicon nanostructures produced sim- 
ply through choice of rf power is, of course, a very attractive 
aspect of the method. 
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FIG. 3. Scanning electron micrographs (tilt angle 30°) of the silicon samples 
etched at different rf powers, (a) 200 W, (b) 150 W, (c) 100 W, and (d) 
distribution of apex angles of the cones for various etching powers above 
100 W. 



The influence of the etching time on samples etched at 

100 W is shown in Fig. 4. The initial average thickness of 

the deposited silver film was 20 nm. After an etching time of 

2 min, Fig. 4(a), the silicon pillars have a diameter of up to 

—40 nm, which correlates with the diameter of the larger 

clusters shown in Fig. 1. Increasing the etching time to 2 min 

and 45 s, Fig. 4(b), results in a lower density of thinner 

pillars with typical diameters of < 10-20 nm. We attribute 

this effect to slow sideways etching. Pillar diameters of less 

than 5 nm and an aspect ratio of height to diameter of up to 
to AIP license or copyright, see http://apl.alp.org/apl/copyriQht.jsp 
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FIG. 4. Scanning electron micrographs (tilt angle 30°) of samples etched at 
100 W for different times: (a) 2 rain and (b) 2 min 45 s. 

20:1 have been observed. Note also that the height of the 
pillars does not increase significantly with the etching time, 
which could also be due to some undercut of the silver 
masks. 

Looking to the future, our results suggest that the width 
of distributions of the height and diameter of the pillars and 
cones, attributed to the irregular morphology of the silver 
film, could be reduced by the use of size-selected clusters. 
This would also allow control over the density of the struc- 
tures. The deposition of size-selected clusters produced in a 
cluster beam source 22 and the deposition of passivated clus- 
ters from solution 23 both represent attractive possibilities. 
The size and shape of the clusters should also influence the 
height of the resulting silicon structures. Since the sputter 
rate of the masks plays an important role in the shapes of the 
silicon features which are formed, it would also be interest- 
ing to investigate the use of different materials, such as gold 
or copper, as etching masks. This would be additionally ben- 
eficial because the intitially chosen material, silver, is not 
complementary metal-oxide-semiconductor (C-MOS) com- 
patible. 

In summary, we have developed a simple but efficient 
method of producing nanoscale silicon cones and pillars over 
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wide areas, by utilizing rough silver films as etching masks. 
Reactive ion etching with a mixture of SF 6 and CF 4 gases 
gives anisotropic etching of the silicon. The variation of rf 
power allows us to control the shape of the resulting features 
(i.e., cone angle). Variation of the etching time allows us to 
control the diameter of the silicon pillars so that pillars as 
narrow as 5 nm can be produced. 
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We explore the origin of visible photoluminescence in nanoscaie silicon cones fabricated by reactive 
ion etching in silicon-on-insulator substrates utilizing rough silver films as masks. 
Photoluminescence (PL) visible to the naked eye was observed after oxidation and annealing. 
Samples oxidized at 900 °C exhibit intense yellow/green photoluminescence centered at about 530 
nm. Samples oxidized at 1000 °C luminesce in the red-to-infrared region with peak positions 
between 650 and 730 nm. Transmission electron microscopy characterization is employed to show 
that PL at 530 nm can be understood in terms of defect states, while the PL at 650-730 nm can be 
explained by a combination of defect state and quantum confinement effects. © 2002 American 
Institute of Physics. [DOI: 10.1063/1.1448394] 



I. INTRODUCTION 

The discovery of visible photoluminescence (PL) from 
porous silicon by Canham 1 has motivated extensive studies 
of silicon nanostructures. 2>3 Despite intense investigation, the 
mechanism of light emission from silicon nanostructures is 
still not entirely understood. Canham 1 and many other 
workers 2 " 6 have ascribed the photoluminescence to quantum 
confinement effects, supported by the observation that the 
luminescence shifts to shorter wavelengths with decreasing 
dimensions of the relevant silicon structures. However, sili- 
con nanostructures are often oxidized and it has emerged in 
recent years that this oxidation of the nanoscaie silicon struc- 
tures also plays an important role in the photoluminescence 
mechanism. Depending on the size of the silicon nanostruc- 
tures, silicon-oxide interface states can emerge in the band 
gap and act as recombination centers. 7,8 Moreover, much of 
the continuing debate concerning photoluminescence from 
silicon nanostructures centers on the importance of lumines- 
cence from defects in the silicon oxide itself, which can 
overlap with photoluminescence bands from the nanoscaie 
silicon structures. 9 " 11 To resolve such questions in a convinc- 
ing fashion, the coupling of optical measurements with high 
resolution measurements of the relevant structural elements 
is crucial. 
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Silicon nanostructures, including porous silicon, 1 " 3,7,8 
silicon clusters 4,9,12,13 and silicon/silicon oxide quantum 
wells, 5,6,14 can be produced by a variety of routes. Here we 
employ plasma etching with metal islands masks 15 " 20 to pro- 
duce nanoscaie silicon cones. Such masks can also be de- 
fined by optical 21 " 23 or electron beam 24 " 27 lithography. How- 
ever, only a few of these studies report luminescence 19,23,24 26 
and the observed wavelengths differ considerably. Building 
on the process developed by Seeger and Palmer, 20 which 
employs Ag island masks, we have successfully produced 
luminescent nanoscaie silicon cones by reactive ion etching 
and have systematically investigated the mechanisms respon- 
sible for their photoluminescence. A key component in this 
work is the correlation between the optical properties ob- 
served and electron microscopy analysis of the silicon struc- 
tures, which allows us to determine the mechanism of emis- 
sion, e.g., to distinguish between the roles of quantum 
confinement and oxide states. 

II. EXPERIMENT 

The fabrication process for silicon pillars and cones has 
been discussed in detail in a previous article, 20 where it was 
shown that the etching time and applied rf power control the 
pillar shape and height. The silicon cones were etched in 
silicon-on-insulator (SOI) wafers using rough Ag films as 
etch masks. SOI wafers were employed to create a wide band 
gap layer below the fabricated Si nanostructures in order to 
enhance quantum confinement effects. The SOI (100) wafers 
featured a surface Si layer of thickness 200 nm separated 
from the bulk Si crystal by a 400 nm layer of Si0 2 . In order 
to create a reference system, cones were also etched in 
Si(lll) substrates (3° miscut, />-type, 8-12 Hem), which 
were processed under exactly the same conditions. 
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FIG. 1. Scanning electron micrograph (specimen tilt angle 30°) of silicon 
cones fabricated by reactive ion etching of a silicon-on-oxide wafer (after 
cleaning). 



A magnetron sputter coater (Edwards Auto 306) was 
used to deposit a 5 nm Ag film at an Ar pressure of 7 
X 10" 2 mbar and a rf power of 25 W, which corresponds to a 
flux rate of about 1 nmrnin -1 . The samples were etched in a 
commercial reactive ion etching (RIE) machine (Oxford 
Plasmalab 80+,) for 95 to 1 10 s with an applied rf power of 
100 W, resulting in a self-bias at the sample electrode of 
between -417 and -423 V. The etchant gas used was a 
mixture of SF 6 and CF 4 introduced at a flow rate ratio of 25 
sccm:25 seem and a pressure of 6 mTorr. 

In order to remove the remains of the Ag mask after 
etching, the cones were cleaned by immersing the samples in 
a 4:1 solution of H 2 S0 4 :H 2 02 for 10 min at room tempera- 
ture. They were rinsed in deionized water, then ethanol and 
dipped into HF to remove the native oxide layer. This pro- 
cess was followed by another sequential rinse in deionized 
water and ethanol. The samples were then blow dried. Figure 
1 is a scanning electron micrograph of the cones after the 
cleaning procedure. The diameter of the cones lies in the 
range 30 to 100 nm at the base and their height varies be- 
tween 130-180 nm. 

The samples produced were oxidized in a dry oxygen 
atmosphere (Carbolite tube furnace) at 900 °C or 1000 °C for 
different durations followed by annealing for the same length 
of time in dry nitrogen at the same temperature. The PL 
measurements were taken in air at room temperature between 
oxidation steps, and employed a frequency doubled Argon 
ion laser which provides an excitation wavelength of 244 
nm. The emitted light was collected with an /= 50 mm cam- 
era lens and focussed onto the entrance slit of a 0.25 m 
spectrometer (Jobin Yvon). The spectrometer consists of a 
TRIAX 190 single grating monochromator and a SPEX 
iCCD detector operated at a temperature of 250 K. 

Samples for transmission electron microscopy were pre- 
pared by cleaving a thin slice off the wafer and mounting it 
on a copper support ring, such that the original (001) Si 
surface was close to perpendicular to the ring. The resulting 
wedge is sufficiently thin to allow electron transmission im- 
aging of cones. This sample preparation method ensures 
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FIG. 2. Typical PL spectra of silicon cones oxidized at 900 °C, etched in (a) 
silicon-on-insulatoT (SOI) and (b) Si(lU) substrates. The insets show the 
evolution of the peak intensities with oxidation time; the lines are drawn to 
guide the eye. 



minimal mechanical damage of the cones. The samples were 
examined in a VG HB601UX scanning transmission electron 
microscope (STEM) operating at 100 kV and equipped with 
a GATAN 666 parallel electron energy loss spectrometer 
(PEELS). A JEOL 200 CX TEM operating at 200 kV was 
employed for conventional bright field and dark field 
imaging. 



III. RESULTS 

A. Silicon cones oxidized at 900 °C 

Figure 2(a) shows typical PL spectra of silicon cones in 
SOI after oxidation at 900 °C. The samples show no photo- 
luminescence immediately after etching and cleaning but af- 
ter oxidation for 1 h a broad PL signal centered at about 
510-530 nm appears. This PL signal continues to grow in 
intensity with repeated oxidation until it reaches a maximum 
after 2.5 h, and then decreases until it has almost completely 
disappeared after 4 h of oxidation. The inset shows the evo- 
lution of the peak intensity (the line is drawn to guide the 
eye). Silicon cones etched in a Si(lll) substrate to act as 
control samples show very similar behavior, Fig. 2(b). It 
should be noted that the PL intensity for both substrates can 
vary significantly across the sample, very likely due to inho- 
mogeneities in the masking and etching process. Therefore, 
an effort was made to relocate and measure, as far as pos- 
sible, the same spot on the sample after each oxidation step. 
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FIG. 3. (a) STEM bright field micrograph of a silicon cone embedded in 
silicon oxide, produced by RIE of a SOI substrate and subsequent oxidation 
for 30 min at 900 °C; (b) electron energy loss spectra taken from the tip of 
the cone and the surrounding oxide matrix. 
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FIG. 4. Typical PL spectra of silicon cones oxidized at 1000 °C, etched in 
(a) SOI and (b) Si(lll) substrates. The insets show the evolution of the peak 
intensities with oxidation time; the lines are drawn to guide the eye. 



The evolution of the intensity has been observed for several 
different positions on a given sample as well as for different 
samples. 

The structure of the silicon cones was investigated by 
STEM. Figure 3(a) is a bright field STEM micrograph of a 
sample, etched in an SOI substrate and oxidized for 30 min 
at 900 °C, which exhibited intense yellow photolumines- 
cence. The figure shows strong diffraction contrast from a 
silicon cone embedded in a silicon oxide mound having a 
wall thickness of 35 to 40 nm. The tip of the cone is very 
sharp, with a diameter below 5 nm. Electron energy loss 
spectra (EELS) of the cone acquired with a 1 nm probe con- 
firm that it still contains silicon in its interior. Figure 3(b) 
shows spectra taken just below the tip of the strongly dif- 
fracting cone and from the less contrasty surrounding oxide 
matrix. The spectrum taken just below the tip of the cone 
clearly shows the Si bulk plasmon peak at 17 eV; the shoul- 
der in this spectrum arises from the overlying silicon oxide 
plasmon peak at 24 eV, as can be seen by comparison with 
the spectrum taken only from the silicon oxide skin. 

B. Silicon cones oxidized at 1000 °C 

Samples oxidized and annealed at 1000 °C show very 
different behavior. Figure 4(a) shows typical PL spectra of 
silicon cones etched in SOI. The samples show no PL, either 
directly after etching, or after 1 h of oxidation. However, 
after 2 h of oxidation, photoluminescence visible to the eye 
appears in the red region. The peak position is correlated 



with the RIE etching time in the cone fabrication process. 
Sample A, etched for 95 s, displays a peak centered at about 
730 nm (1.7 eV), which does not shift with repeated oxida- 
tion, while sample B, etched for 110 s, displays a peak cen- 
tered at about 650 nm, which shifts to 670 nm with succes- 
sive oxidations. The peak intensity increases with repeated 
oxidation [inset to Fig. 4(a), where the lines are drawn to 
guide the eye] but is between 5 and 20 times less intense 
than the maximum photoluminescence intensity observed 
from samples oxidized at 900 °C. Control samples etched on 
Si(lll) also exhibit red PL, Fig. 4(b), but the photolumines- 
cence is very weak (i.e., much weaker than from the SOI 
samples). After 2 h of oxidation and annealing a peak cen- 
tered at about 650 to 670 nm appears; the peak position 
shows no correlation with the cone etching time. The photo- 
luminescence intensity increases slightly with continued oxi- 
dation [inset to Fig. 4(b)] and in the spectra taken after 4.5 h 
of oxidation a peak is clearly evident in the spectrum. 

The structure of the silicon cones oxidized at 1000 °C 
was investigated by conventional TEM. Figure 5 shows rep- 
resentative TEM micrographs of cones etched in an SOI sub- 
strate and oxidized for 2 h at 1000 °C. The sample showed 
red photoluminescence centered at 730 nm [sample A in Fig. 
4(a)]. Figure 5(a), an axial [111] bright field image, shows 
that the tops of the cones are amorphous due to complete 
oxidation. However, at the base of the cones, close to the 
buried oxide, a crystalline region is visible. In Fig. 5(b), an 
axial [111] dark field image of the area taken with the (220) 
diffraction spot, clearly shows diffraction contrast from a 



Downloaded 14 Aug 2005 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http://lap.aip.org/jap/copyrlghtjsp 



' J.'Appl. Phys.. Vol. 91, No. 5, 1 March 2002 



Wellner et al. 3297 




FIG. 5. Transmission electron micrograph of silicon cones etched in an SOI 
substrate and oxidized for 2 h at 1000 °C. (a) Axial [111] bright field image; 
(b) axial [111] dark field image taken with the (220) diffiaction spot and 
(inset) selected area diffraction pattern. 

crystalline silicon cluster at the interface. The selected area 
diffraction pattern of the cluster [inset to Fig. 5(b)] shows 
that it consists of crystalline silicon close to the [111] orien- 
tation. Such silicon clusters could still be found in sample A 
after 4.5 h of oxidation. By contrast, sample B (having a 
longer cone etching time), which showed photo luminescence 
centered around 650 to 670 nm, did not contain any crystal- 
line silicon. The cones were totally amorphous and fully oxi- 
dized throughout, even after only 2 h of oxidation. 

IV. DISCUSSION 

A. Photoluminescence of silicon cones oxidized at 
900 °C 

Photoluminescence in the blue to yellow region has been 
commonly reported for silicon/silicon oxide systems. For ex- 
ample, Mutti et al n observed PL at 490-540 nm from Si + 
implanted Si0 2 layers and ascribed it to quantum confine- 
ment in silicon nanocrystals. We do not believe that the 
yellow/blue PL from our cones is caused by a quantum con- 
finement effect, since the Si cones are still far too large, as 



can be seen from the STEM image (Fig. 3). Although the 
existence of a proportion of much smaller cones cannot be 
ruled out, a quantum confinement model is also inconsistent 
with the following observations: (i) cones etched on Si(lll) 
(which are not electrically isolated from the bulk silicon) 
luminesce with similar intensity and wavelength to the cones 
on the insulating oxide layer, (ii) the peaks do not shift with 
increased oxidation, and (iii) the PL disappears following 
longer oxidation times. We believe (and other authors have 
argued similarly 9,10,28 ) that the blue/yellow photolumines- 
cence originates from defect states. Nishikawa et al™ re- 
ported PL bands at 400-517 nm from the buried oxide in 
SOI samples and ascribed them to interface states between 
the Si and the oxide. Song and Bao 9 reported three bands 
centered at 470, 550, and 630 nm from Si + implanted Si0 2 
layers and showed that the intensities decreased with increas- 
ing annealing temperature and annealing time. They con- 
cluded that the PL arises from defects in the silicon oxide, 
such as neutral oxygen vacancies and nonbridging oxygen 
hole centers, and that the observed decrease in PL intensities 
is due to defect annealing. Defect creation and annealing is 
also the most likely explanation for the evolution of the PL 
intensity from our samples. The intensity increases during 
initial oxidation because more defects are created than are 
annealed out. Subsequently the oxidation rate decreases due 
to the self-limiting effect in small silicon structures for tem- 
peratures below 950 °C, 21;Z9 and the interface advances pro- 
gressively more slowly. In this regime, more defects are an- 
nealed out than are induced by oxidation and the PL intensity 
decreases, in harmony with the experimental results. 

B. Photoluminescence of silicon cones oxidized at 
1000°C 

Many authors 1 " 6,9, n ~ 14 have reported red to infrared 
photoluminescence for silicon/silicon oxide systems and 
most associated it with quantum confinement in silicon 
nanocrystals or thin silicon layers. However, red photolumi- 
nescence at 653 and 689 nm has been also observed from 
irradiated silica 11 and explained by PL from defect states, 
such as nonbridging oxygen hole centers and oxygen defi- 
cient states, respectively. We believe that the red PL observed 
from our samples arises from both defect states and quantum 
confinement. The existence of weak PL at about 650 to 670 
nm from silicon cones etched on a Si(lll) substrate suggests 
that photoluminescence at these wavelengths arises from de- 
fects in the grown oxide, since the cones are not electrically 
isolated from the substrate. This is supported by the fact that 
cones etched in SOI which showed photoluminescence at 
these same wavelengths were oxidized throughout and did 
not contain any crystalline silicon. The higher photolumines- 
cence intensity from cones etched in SOI then most likely 
arises from a contribution due to the buried oxide. 

By way of contrast, cones etched on top of the buried 
oxide layer in the SOI substrates, which showed photolumi- 
nescence at longer wavelengths (730 nm) contained crystal- 
line silicon clusters at their base. This suggests that this band 
of red photoluminescence is caused by a quantum confine- 
ment effect in these silicon clusters. When invoking a quan- 
tum confinement effect, we include the scheme in which con- 



Downloaded 14 Aug 2005 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http:/qap.aip.org/Jap/copyright.Jsp 



■ 3298 J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 

finement increases the band gap and exposes the localized 
states at the Si/Si0 2 interface, which may then dominate the 
recombination process, as has been discussed previously for 
porous silicon 7,8 and Si/Si0 2 quantum wells. 14 

V. CONCLUSION 

Silicon nanocones have been fabricated in silicon-on- 
insulator and Si(lll) substrates by reactive ion etching uti- 
lizing rough silver films as masks. The samples exhibited 
visible photoluminescence after repeated oxidation in a dry 
oxygen atmosphere and annealing in nitrogen. Samples oxi- 
dized at 900 °C were found to emit yellow/green light with 
intensities, which were similar for the two substrates. It was 
shown that this photoluminescence band and the evolution of 
its intensity with oxidation time can be understood in terms 
of the creation and annealing-out of defects. By contrast, 
samples oxidized at 1000 °C exhibit red photoluminescence. 
The photoluminescence is centered at 650 to 670 nm for 
cones etched in Si(lll) substrates and 650 to 730 nm for 
cones etched in silicon-on-insulator substrates. It was shown 
that photoluminescence centered at 650 to 670 nm most 
likely arises from defect states in the oxide, whereas the 
photoluminescence from the SOI cones centered at longer 
wavelengths can be attributed to a combination of a quantum 
confinement effects in silicon clusters together with the con- 
tribution of Si/Si0 2 interface states. 

The results demonstrate, to the best of our knowledge, 
the first silicon nanocones fabricated by reactive ion etching 
in silicon-on-insulators which exhibit photoluminescence. In 
the future it would be interesting to explore the photolumi- 
nescence properties of ordered arrays of silicon cones or 
pillars 30,31 in view of their narrower size distribution and 
because such structures may also display a photonic band 
gap- 
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ABSTRACT Irradiation with polarized laser light of 248-nm 
wavelength induces the formation of periodic undulations 
~ 10-nm-high on flat silicon substrates. The wavelength of 
these periodic structures is a function of the light wavelength 
and the angle of incidence of the laser beam. Linear arrays of 
silicon nanoparticles with fairly uniform size that extended up 
to a millimeter were formed if the irradiation was performed 
using polarized light When non-polarized laser light with the 
same fluence was used to illuminate an initially flat surface, non- 
aligned nanoparticle strings were obtained However, if part 
of the irradiated area was microstructured, nanoparticle linear 
arrays resulted in the vicinity of the microstructured region. 
An analysis on the evolution of these nanostructures is pre- 
sented. Nanocolumns could be grown on top of every cone of 
a microstructured surface upon cumulative laser irradiation with 
non-polarized light, reaching a height of ~ 3 urn and a diameter 
of 100-200 nm. The mechanisms of nanocoiumn origin and 
growth are analyzed. 

PACS 61.46. +w; 61.80.Ba; 61.82.Fk; 68.35.Bs 



1 Introduction 

Laser-induced surface microstracturing of silicon 
has been extensively studied [1-8], and has been found to be 
a function of fluence and of the composition and pressure of 
the background atmosphere present in the irradiation cham- 
ber [5,6]. At a fluence between 2 and 3 J/cm 2 two distinct 
processes can take place sequentially as a result of cumulative 
laser irradiation. Shallow depressions evolve and can reach 
a depth of a few micrometers and a separation distance of 20 to 
30 \xm [7]. These depressions are initially sparsely distributed 
on the surface, but new ones form and progressively cover 
the entire irradiated area. At the same time, the depressions 
continuously deepen with the number of laser pulses. For ir- 
radiation in non-reactive environments such as vacuum or Ar, 
this surface relief continuously builds up with the number of 
laser pulses, up to 10000 pulses [8]. 

In a reactive atmosphere like SF$, the same evolution is 
initially observed in the same fluence range, but more dra- 
matic changes occur after 600 pulses. Additional irradiation in 

13 Fax: +1-865/974-4115, E-mail: apedraza@utk.edu 



SFe produces a drastic change both in the surface-roughening 
rate and in the morphology, establishing the signature of 
a second, different process. The change to this second pro- 
cess, which produces a characteristic microhole-microcone 
microstructure, is preceded by a transition stage in the mor- 
phology. Figure 1 shows the three stages of microstructure 
evolution just outlined. After ~ 400 laser pulses, the surface 
relief depends only on the crystallographic orientation of the 
laser-exposed surface. The optical image acquired with No- 
marski contrast shown in Fig. la illustrates the first stage in 
the process of a surface relief production. Shallow depressions 
and elevations that have the appearance of a cube structure can 
be seen. The orientation of the surface is very close to (1 1 1) 
and the characteristic three-fold symmetry is clearly revealed 
by the surface traces. The same relief is produced under reac- 
tive and non-reactive atmospheres. The second stage, shown 
in Fig. lb, has been observed only under a reactive (SFe) ir- 
radiation atmosphere and after a higher number of pulses. 
Intense etching takes place at the bottom of the depressions 
formed during stage 1 . Multiple reflections focus the beam at 
these depressions, enhancing the decomposition of SF6 and 
thus the etching activity [8]. The third stage (Fig. lc) is char- 
acterized by a synergistic process involving hole deepening by 
etching- assisted ablation and cone growth by re-deposition 
of ablated species on top and to the sides of the laser-melted 
regions. Since ablation also takes place in these regions, 
growth can occur only when re-deposition occurs in excess of 
ablation. 

A reduction of the laser energy to < 1 J/cm 2 drastically 
changes the scale of the surface relief, promoting the for- 
mation of nanostructures. Three different phenomena will 
be described and analyzed: (1) the production of periodic 
nanochannels; (2) the formation of an organized array of 
nanoparticles; and (3) the growth of nanocolumns. The pro- 
cessing characteristics could be of interest for some tech- 
nologies, since long-range ordering of nanostructures is a key 
issue, central to the utilization of nanostructures in electronic 
materials applications. 

2 Experimental procedure 

Boron-doped silicon substrates were irradiated 
using a Lambda Physik LPX-305i KrF excimer laser (248-nm 
wavelength), with a pulse duration of 25 ns. Unless otherwise 
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FIGURE 1 The three stages of cone formation 
in silicon under an SF 6 atmosphere, a Optical mi- 
crograph with Nomarski contrast; b and c SEM 
images with sample tilted 40° 



indicated, all laser treatments were carried out at normal inci- 
dence. The beam emerging from the laser cavity was directed 
to an optic bench using a MgF2-coated fused-silica mirror. 
The optic bench contained an aperture, a fused-silica lens 
array, and the irradiation chamber. The rectangular aperture 
partly removed the low energy tails of the trapezoidal laser 
beam. The laser fluence was varied by adjusting the position 
of the fused-silica lens array relative to the sample holder in 
the irradiation chamber. 

All of the experiments were conducted using helium as 
background gas. For each laser irradiation cycle, the irradi- 
ation chamber was pumped to a base pressure of 1 x 10~ 7 Ton- 



He prior to introducing 99.999% pure helium gas at a se- 
lected pressure. For some experiments, the substrates were 
first laser-microstructured in an SF6 atmosphere, to produce 
a cone relief. 

Native oxide layer removal was done by immersing the 
specimens in a 10 : 1 HF aqueous solution for 5 min, washing, 
drying and quickly transferring them to a vacuum chamber. 
Table 1 summarizes the experimental conditions used for the 
examples shown in the figures. 

Ex situ characterization studies were conducted using 
scanning electron microscopy (SEM), atomic force mi- 
croscopy (AFM), and Auger emission spectroscopy (AES). 
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Formation of nanochannels by laser irradiation ~6 nm- significantly larger than the amplitude of the other 



The formation of nanochannels was observed only 
when using polarized light to irradiate silicon specimens and 
when the surface had its native oxide. In order to examine 
the effect of the presence of this oxide layer, two types of 
experiment were first performed, using the same conditions: 
2000 pulses of polarized laser light at an angle of incidence 
of 14°, a fluence of 0.7J/cm 2 and a vacuum pressure of 
5 x tO" 6 Torr. In one of the experiment types, the native oxide 
was removed from the surface of the silicon targets prior to the 
irradiation, while for the other type, specimens with the native 
oxide were irradiated without any surface conditioning. These 
experiments consistently showed that the oxide layer stabi- 
lizes the ripples. All the experiments described in this section 
were performed on silicon with the native oxide film using 
polarized light. 

Formation of 6-10-nrn-deep nanochannels was induced 
by laser irradiation of an initially flat silicon substrate, in 
a background pressure of 1 x 10" 6 Torr, at a laser fluence of 
0.8 J/cm 2 . These channels were produced using linearly p- 
polarized light (for which the electric field lies in the plane 
of incidence) and were aligned normal to the polarization di- 
rection. At normal laser beam incidence, the spacing between 
channels, A, equaled the laser wavelength, X. The channels 
were not featureless, as can be seen in Fig. 2. The overall 
structure could be described as two periodic structures or 
waves of the same wavelength displaced from each other by 
half a wavelength. The amplitude of one of the waves was 




wave. 

Several experiments were done with an angle of incidence 
of the beam 9 > 0. In this case, two line-spacings were found 
in the same specimen in some instances. For example, for 
a sample irradiated with 2000 pulses at a fluence of 1 J/cm 2 
in a 10 Torr background pressure of He and for 0 = 15°, 
the two spacings given in the first column of Table 2 were 
measured. 

The spontaneous formation of periodic ripples on the sur- 
face of a material illuminated with polarized pulsed laser light 
has been reported in many different materials [9-23] at flu- 
ences close to the melting threshold, spanning a wavelength 
range of 10.6 to 0. 193 \im. The period and orientation of these 
surface ripples, known in the literature as laser-induced peri- 
odic surface structures (LJPSS), mainly depend on the follow- 
ing aspects of the laser beam: angle of incidence, polarization, 
frequency, and energy. However, the occurrence of LIPSS in 
a given material appears to be a strong function of the specific 
response of this material to inhomogeneous energy deposi- 
tion. For instance, for a given set of the main laser parameters 
just listed, some fringe patterns observed in Ge have not been 
detected in Si or Al [12]. Excluding the studies in polymers, 
all of the previous reports refer to LIPSS spacings on the order 
of microns. This is the first time that nano-LIPSS have been 
demonstrated in silicon. 

The most often encountered periodic structures are those 
whose wave vector is parallel to the projection of the electric 
field on the surface plane [12]. These ripples or fringes were 
found mosdy when the electromagnetic field was linearly po- 
larized, whether the electric field lay in the plane of incidence 
(p-polarized) or perpendicular to it (s-polarized). LIPSS could 
be very simply interpreted as being produced by the interfer- 
ence between the refracted radiation and two scattered waves 
parallel to the surface propagating in opposite directions, giv- 
ing the following dependence of fringe spacings, A+ and 
on the angle of incidence 0 and the laser wavelength X : 



A ± = 



l±sin0 



(1) 



As can be seen from Table 2, the line-spacings calculated 
using (1) for the case of 0 = 15° and X = 248 nm are in good 
agreement with the two values reported above of 204 nm and 
331 nm. In addition, in some cases a spacing following a dif- 
ferent law, 



A = 



cos 0 ' 



(2) 



was found for fringes running parallel to the polarization vec- 
tor of incident p-polarized light, in contrast with those whose 
spacing was described by the sine law, which run perpendicu- 
lar to it [14, 15]. 




(nm) 



A — TXeT 



t+sine 



A = 



FIGURE 2 AFM image of LIPSS formed in silicon under vacuum. Linearly 
polarized laser light at normal incidence. Laser wavelength: 248 nm; fluence: 
0.8 J/cm 2 ; 400 pulses. Note: v-scale in nm; jc-scale in [im 
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TABLE 2 Measured and calculated line-spacing of LIPSS 
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Several groups have developed theories to explain the pro- 
duction of LIPSS [11, 13, 14, 23]. The key factor to explain 
LIPSS evolution in all of the models is the occurrence of an in- 
homogeneous light intensity distribution on the surface. The 
inhomogeneity in the light distribution arises from the inter- 
action between the light scattered by surface roughness and 
the refracted laser light. There are several ways whereby the 
material can respond to the temperature modulation due to 
this energy inhomogeneity [13, 14]. It has also been recog- 
nized that a positive feedback is necessary for the ripples to 
be produced. Concurrent with this concept, we have observed 
in our studies that nanoripple formation always requires mul- 
tiple laser pulses, also indicating that the interaction between 
roughness and light evolves with an increasing number of 
pulses. The difficulty in stabilizing this nanostructure is high- 
lighted by two factors, possibly interrelated: the large number 
of pulses needed to form them, as just emphasized, and the 
apparent requirement that there must be a native oxide layer 
present. 



4 Self-oi _ 

silicon nanoparticles 

All the experiments in this section, with one ex- 
ception, were performed using non-polarized light The na- 
tive oxide was removed in all the specimens, flat and mi- 
crostructured, prior to laser irradiation to minimize oxide con- 
tamination of the nanoparticles. At laser fluences close to 
1 J/cm 2 and using a background atmosphere of ultra high pu- 
rity (UHP) He rather than vacuum, a film was deposited on 
the surface of a silicon substrate [24]. The background gas 
backscattered atoms and probably very small clusters were 
also deposited on the substrate. The film detected by AFM 
using a tapping mode scan, after 200 pulses at 1 J/cm 2 and 
lOTorr of He background pressure, was very porous with 
some areas a few nanometers thick and other areas with 
a much thinner film or no film at all. The average film thick- 
ness observed over all the measured specimens was of the 
order of 1 nm. However the film thickness did not increase 
very significantly after the first 50 pulses, giving an average 
deposition rate of ~ 2 x 10~ 2 nm/pulse. From this deposi- 
tion rate, it is difficult to evaluate the average ablation rate 
during irradiation because in some regions of the specimen 
ablation was taking place, while in others there was material 
accumulation. 

It is clear from the extensive work done on ripple for- 
mation that a non-uniform deposition of energy is produced 
during laser irradiation of a surface with micro- or nano- 
roughness. In our case, AFM images recorded very significant 
nano-roughness in all specimens, with some regions as high as 
8 nm. Light scattering from this random nano-roughness will 
produce a random interference pattern with the refracted light 
that will generate a non-uniform energy deposition. For this 
reason, it is difficult to estabksh a meaningful correlation be- 
tween the ablation rate and laser fluence. The fact that a film 
was formed at the same time as ablation was taking place in- 
dicates that the laser fluence used in these experiments was 
very close to the ablation threshold. The film did not seem 
to increase significantly with the number of pulses, proba- 
bly due to continuous ablation and clustering. Auger emission 
spectroscopy revealed that beyond the first nanometer the film 



was at least 90% silicon, with no silicon bound to an oxide or 
carbide. 

SEM and AFM images indicate that the film clusters 
and forms nanoparticles as it is being irradiated with non- 
polarized laser light [24]. We have observed film-denuded 
zones, 1 to 2 pm in diameter, containing nanoparticles that 
had apparently consumed the film originally in the zone. The 
distance between nanoparticles in these small regions was 
close to the wavelength of the incident light, indicating a pro- 
cess controlled by a non-homogeneous distribution of energy 
similar to what happens during ripple formation. 

As nanoparticle formation proceeded with additional ir- 
radiation, the particles tended to aggregate into curvilinear 
strings and became stabilized at ~ 30 nm-diameter, as meas- 
ured in SEM images (Fig. 3). This behavior resulted in a fairly 
uniform size distribution. The evolution of this nanostruc- 
ture with additional irradiation was followed using a high- 
precision SEM stage positioning mechanism. The nanoparti- 
cles kept their identity and shape; however, they experienced 
displacements, as illustrated in Fig. 4. They tended to align in 
short curvilinear strings like pearls in a necklace, and some 
ordering can be appreciated in the micrographs. At a certain 
point the strings became locked and further movement or or- 
dering did not occur. At higher laser fluence, e.g., 1 3 J/cm 2 , 
they flattened and tended to fuse with the substrate. 

A very dramatic change in the nanoparticle spatial distri- 
bution occurred when the irradiation was done on a surface 
partly covered with a well-developed cone microstructure. 
The microcones were grown by laser irradiation in a 0.5 bar 
SF 6 atmosphere, using 1200-2000 pulses at a laser energy of 
~3 J/cm 2 ; they had a height of 20-30 \im and tips of a few 
micrometers in diameter [6-8]. A typical microstructure is 
shown in Fig. 1c. 

The irradiation in He resulted in film deposition and the 
formation of linear arrays in the regions of the irradiated sub- 




FIGURE 3 

0.6 J/cm 2 



Nanoparticles formed under lOOTorr He, after 450 pulses at 
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FIGURE 4 Motion of nanoparticles followed in- 
side encircled region, a 500 pulses; b 700 pulses. 
Fluence: 0.6 J/cm 2 ; He pressure: lOOTorr 




strate surface adjacent to the microstructured zone. Figure 5 
illustrates the evolution of the film, demonstrating that the 
nanoparticles grew in the substrate, consuming the film, and 
became aligned as they were being irradiated. 

The nanoparticle ordered array shown in Fig. 6, has a line- 
spacing close to 248 nm and extends over microscopic regions 
with few perturbations in the alignment. This array developed 
in the immediate vicinity of the cone microstructure region. 
Characterization of the nanocrystals by using Auger electron 
spectroscopy demonstrated that the nanoparticle consisted of 
silicon cores covered with a very thin sheath of oxide. 

Certain aspects of the nanoparticle alignment phenomenon 
suggest that it could be associated with the LIPSS phe- 
nomenon. Similar to the conditions reported for LIPSS de- 
velopment, the alignment was initially observed just above 
the melting threshold, and occurred in a narrow laser fluence 
range above this threshold. In almost every case, although 
not in all of them, for normal incidence, the particles aligned 
along the rectangular beam short axis, which corresponded to 
the direction where the E field was at a maximum. In a second 
set of experiments, in which a fine wire (100 \im) crossing the 
beam was imaged on a flat Si substrate surface, a linear align- 
ment of nanoclusters occurred within the interference fringe 
pattern resulting from the diffraction of light by the wire. An 
AFM image taken from the same specimen shown in Fig. 6 re- 



veals that nanoparticles were located on the valleys of LIPSS 
(Fig. 7). Lack of contrast prevented observation of the smooth 
undulations of LIPSS by SEM. 

At variance with the LIPSS experiments described in the 
preceding section, the alignment of nanoparticles did not re- 
quire polarized light; the presence of an extended defective 
region was sufficient. Next, we used p-polarized light, and 
aligned nanoparticles were produced on a flat surface, with- 
out the need for an initial microcone structure. Nanoparticle 
arrays aligned normal to the direction of the electric field. 
An experiment that illustrates well the process of nanoparti- 
cle production and alignment with size selection was done by 
irradiating the silicon surface with polarized light at an aver- 
age energy density higher than 1 J/cm 2 . The irradiated area 
was rectangular and we utilized a beam size of approximately 
7 mm x 3 mm. All over the edges, where the beam energy 
tapered off and within a width of ~ 0.4 mm, an aligned ar- 
ray of ~ 30-nm-diameter nanoparticles was generated. A mi- 
crostructure consisting of long surface waves was produced in 
the central portion of the irradiated region where the energy 
was too high for particle formation. The production of this mi- 
crostructure indicates that very significant ablation could have 
taken place in the central region of the spot. AFM scans re- 
veal an abrupt change in the spatial and size distribution of 
nanoparticles at the sides of the edges of the laser shot, into 
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FIGURE 7 AFM image of the same surface as in Hg. 6 



the unirradiated region. Instead of the highly organized array 
of small, fairly uniformly sized nanoparticles detected inside 
the irradiated edge, a completely random distribution of much 
larger nanoparticles with a wide size distribution was found to 
cover the adjacent unirradiated area. 

Using p-polarized light, the angle of incidence of the laser 
beam was changed and it was found that the nanoparticle line 
spacing followed (1) with the minus sign in the denominator, 
i.e., the line-spacing increased as the angle of incidence was 
increased. This result strongly suggests that similar mechan- 
isms are responsible for the formation of nanochannels and for 
nanoparticle alignment 

The results just described, whereby spontaneous align- 
ment of silicon nanoparticles form regular arrays as a result of 
pulsed-laser irradiation of a silicon substrate, opens the possi- 
bility of using UV lasers as manipulators of nanoparticles on 
a large scale, on the order of millimeters. 



efit from a well developed microcone structure, using it as 
a template for a finer structure. 

A silicon target, microstructured as shown in Fig. 1c, was 
irradiated at 0.5 J/cm 2 in a He atmosphere at 10 Torr. It was 
first noticed that 2000 pulses produced the emergence at the 
microcone tips of small protrusions ~ 100 nm in diameter and 
a few nanometers in height (Fig. 8). The sequence of images 
presented in Fig. 9 shows the growth of one nanocolumn as 
a function of the number of laser pulses. Figure 9a shows 
the cone tip of the initial microstructured surface for which 
the nanocolumn evolution has been followed. We always ob- 
served a small tip at the top of the microcones, and as we 
continued the irradiation at low energy, the protrusion grew 
and a flat depression was formed around it (Fig. 9b and c). 
A careful examination of the images shows that the low- 
energy irradiation only produced melting at the very top of the 
cone tip. The fluence used in these experiments (referred to 
a flat surface) was very close to the melting threshold and it de- 
creased from the center of the cone tip towards the sides due 
to the tip curvature. Thus, these irradiation conditions explain 
the highly localized melting. As the irradiation was continued, 
the depression around the protrusion disappeared (Figs. 9d-f), 
and the protrusion developed into a nanocolumn, while a mul- 
titude of very small protrusions appeared at its base (Fig. 9e). 
Finally, after 10000 pulses the nanocolumn had a height of 
3. 1 pun and a diameter of 200 nm, giving an aspect ratio of 15. 
Due to the nanosecond pulse duration, silicon transport to the 
top could only have taken place in the liquid or gas phase. 
The liquid could only be removed from the immediate vicin- 
ity where melting took place. The small and flat depression 
around the nanocolumn cannot account for the extra mass of 
silicon from the nanocolumn and the protrusions that mush- 
roomed around it. 

The chemical composition of the nanocolumns grown in 
He was measured using the electron beam of a SEM at normal 
incidence, focused at the center of the nanocolumn in a spot 
of 150-nm-diameter. Only the chemical composition of the 
nanocolumn was measured, because the probe region extends 
to ~ 1 .5 pun in depth, which is significantly less than the col- 
umn height. It was found that the nanocolumns were made of 
silicon with less than 2 at. % of oxygen, while the amount of 
oxygen measured in the substrate was less than 1 %. The error 



5 Silicon nanostructuring atop a laser-produced 

microcone template 

The formation of microcones has been explained 
by a mechanism similar to that used to explain the formation 
of whiskers in silicon [6-8]. The cone microstructure appears 
first to present a natural limit - as far as a minimum dimension 
is concerned - for laser-induced structuring of a surface with 
self-organized tips. This limitation arises from the formation 
and growth mechanisms of the cone and the fact that it starts 
at a surface that is melted throughout. Once a cone is formed, 
and its subsequent growth is accomplished by preferential 
re-deposition of material at its laser-melted tip, continuing ir- 
radiation under the same conditions will produce a rise in the 
cone first and result in its fall at later stages. However, we 
have found that a change in processing conditions could ben- 




FIGURE 8 Nanocolumns growing on microcone tips. Fluence: 0.5 J/cm 2 , 
2000 pulses, He pressure: 10 Torr 
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FIGURE 9 Nanocolumn evolution 
upon laser irradiation at 0.5J/cm 2 
in lOTorr He. a initial cone tip; 
b 1000 pulses; c 2500 pulses; d 5000 
pulses; e 8000 pulses; f 10000 pulses 






FIGURE 10 Tip of same nanocolumn as shown in Fig. 8, after 15 000 pulses 

in the electron dispersion X-ray spectroscopy measurements 
was on the order of 1 %. 

The laser fluence at the bottom of the microcones is en- 
hanced by multiple reflections promoting ablation, and due to 
the background pressure, ablated material is partly backscat- 
tered and can be trapped at the melted nanocolumn tip. It 
has been calculated that the intensity at the bottom of the 
microcones, tens of micrometers below the surface, is in- 
creased over 4-fold [8]. The process of deposition is clearly 
visible after 15 000 pulses because a film covers a large por- 
tion of the substrate. Also, after 15 000 pulses the top of the 
nanocolumns become significantly enlarged and the deposi- 
tion process is further revealed by the multiple small pro- 
trusions that cover the tip (Fig. 10). The low ablation rate is 
reflected in the extremely low growth rate of nanocolumns, 
0.2 nm per pulse. 

Irradiation in vacuum, for which the trapping of ablated 
material is more difficult because there is no buffer gas at- 
mosphere, shows that after 2500 pulses small protrusions 



similar to those shown in Fig. 9c are formed at the top of 
the microcones. However, in vacuum these protrusions do 
not grow additionally and after 10000 pulses they tend to 
flatten. 

These experimental observations suggest that the initial 
protrusion at the top of the microcones (Fig. 9b and c) is most 
likely a result of the solidification process of the laser-melted 
pool. When the nano-protrusions reach a certain size, depo- 
sition of silicon strongly increases their length by continuing 
irradiation under helium, keeping the diameter approximately 
constant (Fig. 9e and f ). This last process appears to be similar 
to that described for microcolumn growth [4]. 
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We report on the study of atomically sharp superconducting tips for scanning tunneling microscopy 
and spectroscopy. The results clearly show vacuum tunneling of superconducting quasiparticles 
from atomically sharp tips. Observed deviations of the energy gap of the superconducting tip from 
its bulk value are attributed to the proximity effect. We show that a combination of a 
superconducting tip and an atomic resolution scanning tunneling microscope provides a means of 
achieving very high resolution local spectroscopy. We also discuss how this combination paves the 
way for a number of important applications. © 1998 American Institute of Physics. 
[S0003-695 1(98)04446-5] 



Since early in its history, scanning tunneling microscopy 
(STM) with nonsuperconducting tips has been used to suc- 
cessfully study the local properties of superconducting 
samples. 1 ^* Interestingly, although it has long been 
proposed, 5 use of superconducting tips for STM has not been 
achieved. We note that a number of important experiments 
have used scanning tunneling microscopes to create adjust- 
able microscopic junctions with superconducting 
electrodes. 6 " 8 We distinguish these techniques from the use 
of a sharp superconducting tip (having one or a few atoms at 
the end), with vacuum tunneling, for atomically resolved mi- 
croscopy and spectroscopy. One might naturally ask whether 
such a sharp tip could even exhibit a superconducting density 
of states (DOS) at the end. Recently, Yazdani et ai noted the 
existence of a BCS single electron excitation spectrum above 
a normal metal adatom on a superconducting Nb substrate. 9 
This implies that atomically sharp superconducting STM tips 
might be achievable. In this letter we report the successful 
realization of such tips, and describe their application to the 
study of both normal and superconducting samples. 

For this work, we use a very-low-temperature STM, 10 
which has spectroscopic resolution better than 30 /xV at its 
base temperature of 250 mK. The superconducting tips are 
made from 0.2 mm diam Nb wire by mechanical sharpening. 
The tip installation is carried out with the STM open to air at 
room temperature. The STM chamber is then sealed, evacu- 
ated to 10~ 6 Torr, and cooled to 4.2 K. The natural oxide of 
Nb at the apex of the tip is removed,' and the tip is further 
sharpened, by field emission against a Au target in cryogenic 
ultrahigh vacuum at 4.2 K. After this process, the sharpness 
of the tip is verified by identification of atomic scale features 
on the Au surface. 

Next, the relationship between tunneling current / and 
tip displacement from the surface z is recorded to confirm the 
characteristic exponential behavior of vacuum tunneling [/ 
«exp(-z/z 0 ) where z 0 is a decay constant]. From these 
data, the effective barrier height, which represents the con- 
voluted work function of the tip and the sample, can be 



extracted. 11 As an example, the results of a / vs z measure- 
ment for a Nb tip is plotted in log/linear format in Fig. 1(a). 
The curve is linear over three decades of current, which con- 
firms the vacuum nature of the tunneling, and a work func- 
tion of 2.9 eV is deduced from its slope. 

To evaluate the superconducting properties of this Nb 
tip, the differential conductance G{V) = dIldV of tunneling 
between tip and sample is measured as a function of bias 
voltage V. n This function is a measure of the convoluted 
local DOS of the sample and the tip. 13 We use the Au field 
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FIG. 1. (a) A log/linear plot of the tunneling current vs displacement of a 
Nb tip from a Au surface. The circles are the measured data, and the solid 
line is the linear fit The exponential relationship over three decades of 
current indicates the vacuum nature of the tunneling, (b) Tunneling conduc- 
tance vs sample bias for the same Nb tip at 335 mK. The solid line is the 
calculated conductance using a BCS DOS and an energy gap 4^(0)= 1.0 
meV. The circles are the measured data (only a traction of the measured 
data points are shown to allow clear display of the underlying calculated 
curve). The spectrum indicates a superconducting quasiparticle DOS at the 
rip end. 
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FIG. 2. Measured differential conductance spectra (circles) for tunneling 
between a Nb tip and a Au surface at several temperatures. The spectra are 
displaced vertically from each other for clarity. The solid lines are the cal- 
culated conductance using a BCS DOS with £*„(<))= 1-47 meV and the 
temperatures shown. The excellent agreement of the data and the calcula- 
tions confirms that the temperature dependence of the tip DOS is very simi- 
lar to that of bulk Nb. 



emission target as the sample. Figure 1(b) shows the result- 
ing differential conductance spectrum taken at 335 mK. It 
clearly demonstrates a superconducting quasiparticle DOS, 
as evidenced by the zero of conductance below the gap volt- 
age and the high peaks at the gap edge. To clarify that the 
superconducting features in this spectrum are due to the tip, 
and not due to possible deposition of Nb onto the surface 
during field emission, this measurement is performed at sev- 
eral different locations separated by more than 100 nm from 
the location where the field emission was performed. The 
absence of significant variations between the spectra at dif- 
ferent locations indicates that the energy gap in the DOS 
observed is that of the tip. 

It is interesting to note that the measured superconduct- 
ing energy gap value of the tip varies from tip to tip after 




FIG. 3. Topographic image (150 A square) of a NbSez surface acquired at 
4.2 K in constant current mode with the superconducting tip whose tunnel- 
ing spectrum is shown in Fig. 2. A charge density wave pattern is clearly 
visible. The atomic resolution of the image indicates that this superconduct- 
ing tip is atomically sharp. 
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FIG. 4. (a) Measured differential conductance spectra for tunneling between 
a superconducting Nb tip and a NbSe 2 surface. The characteristic SS tun- 
neling peaks Atip+Anbse and A^-A^ vary in voltage and change in 
magnitude, with temperature, as expected, (b) Measured differential conduc- 
tance spectra for tunneling (NS) between a Ptlr tip and a NbSej surface. 
Comparison between the SS and NS tunneling spectra, plotted in the same 
scale, shows the dramatic enhancement in sharpness of the features obtained 
with a superconducting tip. 

the field emission process, ranging from a few tenths of an 
meV to near the bulk gap value of Nb [1.53 meV at r= 0 K 
(Ref. 14)]. The origin of this deviation is not fully under- 
stood. One possible explanation is that the superconductivity 
observed at the end of the tip has propagated from the bulk 
due to the proximity effect 15 Thus the measured gap will 
depend on the dimensions, structure, and composition of the 
apex of the tip, which can be modified during field emission. 

In Fig. 2, differential conductance spectra from another 
Nb tip (prepared and evaluated for its work function and 
sharpness as described above) are shown from 8.6 K to 380 
mK. Each trace is displaced vertically for clarity. One can 
clearly see the superconducting gap in die DOS developing 
at the tip with falling temperature. The solid lines in Fig. 2 
are die expected spectra for each temperature, calculated 
from a BCS DOS using a value of the energy gap for the tip 
A tip (p)=1.47 meV. Note that die agreement between the 
measured data and calculations is much better than in Fig. 
1(b). In general, the smaller the deviation of the measured 
gap from its bulk value, the better the agreement with the 
BCS DOS, especially near the edge of the gap. This is an 
expected consequence of the proximity effect. 16 

To study superconducting-tip scanning tunneling mi- 
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croscopy on a superconductor, we now use this tip to per- 
form measurements on a sample of NbSe2- This is a well- 
studied layered material, which shows a charge density 
wave, and has a superconducting phase transition at 
T c = 7.2 K. The superconducting energy gap, as measured by 
STM, is AwbseW^Ul meV. 3 A NbSea single crystal 
sample is cleaved in situ at 4.2 K and exchanged for the Au 
sample. Figure 3 shows an image of the NbSe 2 surface at 
r=4.2 K, taken with the tip whose tunneling conductance 
spectra are shown in Fig. 2. Both the atomic lattice on the 
surface and the charge density wave are clearly resolved. 
This confirms that the tip is atomically sharp. Again, conduc- 
tance spectroscopy is carried out on this NbSe 2 surface as a 
function of temperature and the results are displayed in Fig. 

The two pairs of peaks in Fig. 4(a) are characteristic of 
the superconducting-superconducting (SS) nature of the tun- 
neling, and clearly distinguish it from normal- 
superconducting (NS) tunneling. The experimental values of 
F=± (A tip ±A NbS e)/e at which they occur are in excellent 
agreement with the values calculated from the BCS theory 17 
at all temperatures measured. This confirms not only the ex- 
istence of a superconducting DOS at the end of the tip, but 
also that tunneling in SS-STM is physically similar to that in 
planar junctions, albeit in a junction of far smaller area. 

The use of superconducting tips in low-temperature 
scanning tunneling microscopes has a number of significant 
advantages. Most important of these is the improvement in 
spectroscopic resolution when compared to normal-tip 
STM. This is due to the sudden rise in conductance at the 
gap edge and the associated high peak in the DOS of the 
superconducting tip. 18 An example of this can be seen by 
comparing the SS tunneling of Fig. 4(a) with the NS tunnel- 
ing of Fig. 4(b), where we show the conductance spectra 
acquired on NbSe 2 with a nonsuperconducting Ptlr tip. There 
is a dramatic enhancement of sharpness of the features in the 
spectrum obtained with a superconducting tip, which could 
prove significant in many scanning tunneling spectroscopy 
(STS) measurements, since it exists even at the commonly 
available temperature of 4.2 K. 

Of even greater significance is the fact that 
superconducting-tip STM opens the door for many important 
future applications. One example is spin polarized STM and 
STS. Here, the Zeeman splitting of the quasiparticle DOS for 
the two spin orientations in the superconducting tip can pro- 
vide a spin polarized electron source 5 capable of being 
scanned, with atomic resolution, over the surface to be stud- 
ied. Another example is Josephson tunneling in SS-STM. 
This would be significant in its own right, since it would 
provide a new type of tunable Josephson junction. It could 
also become a useful instrument to study, for example, spa- 
tial variations of the order parameter in exotic 
superconductors. 19 

In conclusion, reliable operation of atomically sharp su- 



perconducting Nb tips, with vacuum tunneling, in low- 
temperature STM and STS has been achieved. The measured 
energy gap at the ends of these tips varies, and we attribute 
deviations from the bulk value to the proximity effect. SS 
tunneling between a Nb tip and a NbSe 2 surface is studied 
from 250 mK to 9 K, and compared to NS tunneling with a 
Ptlr tip under similar conditions. This mode of STM not only 
provides a much improved spectroscopic resolution, but also 
opens the door for many future applications, including scan- 
ning spin-polarized electron tunneling, and scanning Joseph- 
son tunneling. 
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